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ABSTRACT 
Transient electronics is a class of electronic devices designed to maintain stable 
operation for a desired and preset amount of time; and, undergo fast and complete 
degradation and deconstruction once transiency is triggered. Understanding the mechanism 
and controlling the destruction rate of transient electronics is of significant importance in 
design of application-specific devices. One major concern with transient electronics is the 
typical mismatch in mechanical properties of substrate materials and those for electronic 
components, resulting in malfunction when the device is subjected to a mechanical load. This 
dissertation investigates destruction mechanism of transient electronics, as well as studies 
potential solutions to minimize failure caused by the aforementioned mechanical mismatch 
between the materials. Few potential applications of transient materials/electronics are then 
discussed while their performance is analyzed.  
The first study was intended to control the transiency of devices containing colloidal 
metal particles as electronic components, through the dissolution behavior of the substrate. It 
was observed that the physical circuit-substrate interactions were the dominating factor in the 
overall transiency behavior of the device.  
Presented in second study, are investigations of electronic attributes of transient soft 
bioelectronic circuits subjected to mechanical force; also, the influence of substrate’s 
transiency on the loss of functionality in triggered devices. The experimental results suggest 
that there exists a correlation between electronic properties of circuits and applied 
mechanical strain. A correlation was also observed between the dissolution behavior of the 
substrate and loss of functionality of the electronic device. 
xii 
The third study is focused on design and implementation of a material system that 
exhibits active transiency by undergoing secondary reactions in acidic solvents. This system 
produces micro-bubbles when triggered, bubbles expedite transiency of the system by 
facilitating redispersion of conductive materials. 
The forth study was intended to address the failure caused by mechanical load in the 
polymer metal systems. We studied mechanical-electrical correlations in pre-strained flexible 
electronics and quantified the effect of pre-straining on the lifespan and failure of the system. 
Presented in the fifth study is a transient Li-ion battery based on polymeric 
constituents, exhibiting two-fold increase in potential and approximately three orders of 
magnitude faster transiency rate compare to other transient systems reported in the literature. 
Transiency in this device is achieved through a hybrid approach of redispersion of insoluble, 
and dissolution of soluble components. 
The sixth study is intended to design and implement polymer-based interpenetrating 
network films (IPNFs) with programmable degradation and release kinetics which controlled 
release of therapeutic proteins or vaccines. 
Finally, the seventh study is focused on implementing a transient film as a potential 
platform for printed circuit board, which allows full recovery of the electronic components. 
This study was aimed to diminish the hazards and environmental pollutions associated with 
waste electrical and electronic equipment (WEEE). 
1 
CHAPTER 1.    GENERAL INTRODUCTION 
1.1. Transient Electronics Overview 
Transient electronics is an emerging field in materials science and engineering 
focused on materials that are capable of disintegration in a controlled manner when exposed 
to stimuli. Unlike conventional electronic devices that are designed to operate over the 
longest possible duration of time, a defining attribute of transient electronics is to operate 
over a typically short and well-defined duration of time and undergo self-deconstruction and 
disappear completely when no further needed. 
Recent advances in design of materials has enabled scientists to design and synthesize 
materials and structures capable of transiency upon triggering. The sophisticated electronics 
used in implantable biomedical devices and environmental sensors can benefit from this 
concept. Transient implantable biomedical diagnostics eliminate the need for a secondary 
surgery to take the device out, and transient environmental sensors minimize waste 
production. 
Early works on transient materials and electronics started with electronics on bioresorbable 
substrates and also partially transient electronics with certain degradable components. 
Instances of the first studies include conformal bioelectronics based on bioresorbable silk 
substrate in which dissolution of silk initiates wrapping of electronics around biological 
tissues.(1, 2) Instances of partially dissolvable electronics include devices in which all 
components except electrodes and interconnects are dissolvable in biological medium.(3, 4) 
The most recent form of transient electronics are fully dissolvable electronics. An instance of 
this class of electronics is a RF pressure sensor which uses a Zn/Fe bilayer as the sensor 
conductor material, poly-L-lactide as dielectric and polycaprolactone as the structural 
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material.(5) Another example which has been reported by Rogers et al. is based on silicon as 
the semiconductor, metal oxides (MgO, SiO2) as dielectrics, Mg for conductors and silk as 
the substrate and packaging material.(6, 7) More recently high performance transient 
electronics,(8) transient batteries(9) and programmable transient electronics(10) are also 
reported. The investigations presented in the current document are exclusively focused on 
fully transient electronics. 
1.2. Literature Review 
1.2.1. Transiency Mechanism  
To date, transiency triggered by exposure to light,(11) heat(12, 13) or solvent (often 
aqueous) (6, 7, 14-25)  is reported. Due to the potential applications of transient materials in 
biomedical implants, temporary environmental sensors/monitors, “green” electronics, 
hardware security and military devices, aqueous solvent-triggered transient devices are by far 
the most studied systems. Depending on the application and design of transient electronic 
devices, transiency can be triggered and stimulated by exposure to water, water-based 
solvents or bodily fluids (phosphate-buffered saline (PBS), urine, saliva, etc.).  
Transiency mechanisms of these electronic components are investigated both 
analytically (25, 26) and experimentally (27, 28). Depending on materials and stimuli, 
transiency of electronic components occur through corrosion,(29) dissolution,(24, 25, 30) 
hydrolysis(31)or a combination of these processes;(26) and it is typically quantified by 
means of mass loss(32) or change in the thickness(24, 25) of the component.  
Unlike polymeric substrates that typically have fast transiency rates, transiency of 
metallic thin-films, even for very small thicknesses, when deposited from bulk is very slow 
and very often a limiting factor to transiency of the system as a whole. If the electronic 
components, however, could be deconstructed by an external force different than the 
3 
dissolution, the faster, almost instant, transiency could be achieved, besides, more robust 
transient electronic systems, where the material choice for electronic components would not 
be limited to very soluble metals, could be possible. In one of our studies, we hypothesized 
the use of force generated by swelling of a substrate (swelling force) to enhance physical 
destruction and transiency of the electronic components; and, as control factor for 
programming the transiency rate. (28) We also report fabrication of conductive path thin-
films from colloidal metallic particles, rather than bulk materials; which can be easily 
fabricated on a substrate and re-dispersed under the effect of swelling force. In such transient 
electronic devices composed of colloidal particles, transiency can be programed by means of 
dissolution/swelling characteristics of substrate and corresponding redispersion of colloidal 
based circuit (27). Another solution to overcome slow transiency rate of metals, is integration 
of active transiency approach where materials undergo multiple interactions with the solvent 
and produce byproducts that facilitate dissolution and/or redispersion of materials.(33) 
Several groups have extensively investigated degradation behavior of materials 
applicable in the field of transient electronics (7, 8, 34-41). The desired degradation time is 
highly dependent on the application. In case of secure memory devices, the appropriate 
degradation time is less than the time required for biomedical devices. Rogers et al. have 
reported materials and fabrication technics that facilitate transiency within few days(16, 42). 
The degradation time reported by our group for transient devices based on colloidal metal ink 
as the electronic component and polyvinyl alcohol (PVA) based composites as the substrate, 
has ranged from minutes to hours (28, 43-46).  
1.2.2. Transient Materials 
In the recent studies, thin-films made from silk,(30, 47) poly(L-lactide-co-glycolide) 
(PLGA),(3) poly(dimethylsiloxane) (PDMS),(48) polylactic acid (PLA),(49) 
4 
polycaprolactone (PCL),(48) poly(glycerol-co-sebacate) (PGS),(50) poly(vinyl alcohol) 
(PVA),(3, 51) and nanofibrous polymeric membranes(32) were investigated as substrates for 
aqueous solvent-triggered transient devices. For instance, Silk has been reported as a 
biodegradable substrate to integrate with silicon-based electronics. (6) PLGA has been 
applied as a substrate for a transient hydration sensor.(8) PVA which is an ideal candidate for 
biomedical applications due to its nontoxicity and noncarcinogenicity, has been widely 
applied as supporting substrate and encapsulation material.  
Examples of dissolvable metals applicable for transient electronics include 
magnesium (Mg), zinc (Zn), iron (Fe), tungsten (W) and molybdenum (Mo) that serve as 
electrodes and connections. (26, 29, 30, 48, 52) Compared to organic electronic materials 
such as carbon-based materials or conjugated polymers, metals are more attractive due to 
their higher conductivity. (22, 23, 53-56) Another component used for the development of 
electronics is semiconductors. Silicon which is one of the most widely applied 
semiconducting material in electronics, can be dissolved in water by hydrolysis, yet at a 
notably slow rate. (6)  
Electronic components are typically fabricated on the substrates by a wide range of 
fabrication techniques, including physical vapor deposition, electron beam evaporation, 
photolithography, surface modification, stencil mask printing and/or etching of thin-films of 
bulk materials. 
1.2.3. Applications and Devices 
Transient materials and electronics have been successfully designed, fabricated and 
applied in medical fields. Examples include carriers for controlled drug release and scaffolds 
or tissue engineering. (4, 7, 14, 57-69). They have also demonstrated additional implications 
5 
in areas such as consumer electronics and environmental sensors, where degradability could 
eliminate the need for recycling waste disposal. (8, 36) 
To our best knowledge, the first step towards biodegradable electronics have been 
reported by Bettinger et al. with a field-effect transistor based on poly(vinyl alcohol) (PVA) 
as gate dielectric, and 5,5′-bis-(7-dodecyl-9H-fluoren-2- (yl)-2,2′-bithiophene (DDFTTF) as 
organic semiconductor on poly(L-lactide-co-glycolide) (PLGA) substrate.(57) 
Examples of transient electronics devices reported elsewhere include resistors, 
inductors, capacitors, antennas, transistors, diodes(7, 8, 16, 70), mechanical energy 
harvesters(71), batteries(44, 72), Solar cells, strain and temperature sensors, 
photodetectors(16, 71) and printed circuit boards (PCB)(35). System examples include 
complementary metal-oxide-semiconductor (CMOS) oscillators, digital images for wireless 
power, RF communication devices, and cameras.(16, 37, 43, 70) 
1.2.4. Mechanics of Soft Transient Electronics 
There have been substantial research efforts focused on soft electronic(73, 74) such as 
batteries(75) and epidermal electronics(76), ionic materials(77-82) and soft actuators(83-87); 
and considerable studies on transient materials and electronics(6, 8, 11, 14, 35). Soft transient 
electronics, however, is a relatively new field of science and technology emerged from 
combinations of transient materials science and soft electronics technology, which focuses on 
integration of electric circuits on advanced soft materials that due to their unique 
characteristics, such as biocompatibility and flexibility, allow direct integration of electronic 
devices on curvilinear biological tissues.(65-69)  
One major concern with soft transient electronics is the typical mismatch in 
mechanical properties of polymeric substrate and metallic electronic components. Such 
mismatch is very likely to result in failure of the electronic components under mechanical 
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strain (27, 45, 46). Polymeric substrates coated with metallic conductive inks are considered 
polymer-metal systems. Polymer-metal interactions in majority are rare and thus difficult to 
engineer and control. There have been efforts to elucidate physical and chemical features of 
polymer-metal interactions to gain an understanding of the bonding (88-91) and behavior of 
such systems under stress (15, 28, 86). However, most efforts have been focused on polymer-
bulk metal interactions rather than metals deposited from solution such as metallic inks (92, 
93). Polymers typically have low surface tension, which is a hindering factor for formation of 
bonds (94, 95). Polymer surface modification through chemical reactions (96-98) and plasma 
treatment (99-104) have been studied and reported to improve polymer-metal bonding. An 
area of exploration pursued by others and us involves placing a circuit on a pre-strained, 
elastomer substrate (44, 105-108). Positive results are reported from this process, noting 
increased stretchability of the connecting, conductive paths with little change in 
resistance(33). 
1.3. Dissertation Organization 
CHAPTER 2 presents the effect of electronic components on the transiency of the 
whole transient electronic device. The results suggest that transiency of the electronic device 
can be controlled by dissolution of the substrate and the resultant swelling force. 
In CHAPTER 3, we investigate the correlation between the applied mechanical load, 
and the electrical performance in soft transient electronics. We also demonstrate the loss of 
electrical functionality in prototype transient circuits, as transiency is triggered.  
CHAPTER 4 proposes a novel method of expediting the transiency rate in water-
based dissolution system. This method is based on adding sodium bicarbonate and citric acid 
fillers to the substrate to initiate effervescence reaction in exposure to water, followed by gas 
production and fast dissolution. 
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In CHAPTER 5, the typical mismatch between mechanical properties of the 
polymeric substrate and the metallic electronic components is investigated, along with 
potential solutions to failure of soft transient electronics. 
Presented in CHAPTER 6 is the application of transient materials in a fully transient 
li-ion battery, the performance of the device and its transiency mechanism. 
CHAPTER 7 investigates transient polymeric materials as potential platforms for 
controlled release. 
CHAPTER 8 demonstrates a prototype green printed circuit board based on transient 
polymeric substrates, and the full recovery of its electronic components. 
CHAPTER 9 presents the overall conclusion and future work.    
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CHAPTER 2.    STUDY OF MECHANICS OF PHYSICALLY TRANSIENT 
ELECTRONICS: A STEP TOWARD CONTROLLED TRANSIENCY 
Published in the journal of Polymer Science Part B: Polymer Physics 54.4 (2016): 517-524 
Simge Çınar, Reihaneh Jamshidi, Nastaran Hashemi, Reza Montazami 
Abstract 
Transient electronics is a class of electronic devices designed to maintain stable 
operation for a desired and preset amount of time; and, undergo fast and complete 
degradation and deconstruction once transiency is triggered. Controlled and programed 
transiency in solvent-triggered devices are strongly dependent on chemical and physical 
interactions between the solvent and the device, as well as those within the device itself, 
among its constituent components.  Mechanics of transiency of prototypical transient circuits 
demonstrate strong dependence of the transiency characteristics on that of the substrate. In 
the present study, we demonstrate the control of transiency through the dissolution behavior 
of a substrate for the devices with electronic parts composed of colloidal units. It is observed 
the physical circuit-substrate interactions are the dominating factor in defining the overall 
transiency behavior of the device.  
2.1. Introduction 
Transient electronics is an emerging class of technology representing materials that 
are able to vanish in a controlled manner when exposed to stimuli. Unlike conventional 
electronic devices that are designed to operate over the longest possible duration of time, a 
defining attribute of transient electronics is to operate over a typically short and well-defined 
duration of time and undergo self-deconstruction and disappear completely when no further 
needed. 
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To date, transiency triggered by exposure to light,(1) heat(2) or solvent (often 
aqueous)(3-7) is reported. Due to their potential applications in biomedical implants, 
temporary environmental sensors/monitors, “green” electronics, hardware security and 
military applications, aqueous solvent-triggered transient devices are by far the most studied 
systems. Depending on the application and design of transient electronic devices, transiency 
can be triggered and stimulated by exposure to water, water-based solvents or bodily fluids 
(phosphate-buffered saline (PBS), urine, saliva, etc.). Typically, in this class of transient 
electronic devices water-soluble organic electronic materials(6-8) are used along with water-
soluble metals such as Mg and Zn to form electronic components and conductive paths of the 
circuit;(3, 9-12) less common is use of very small amounts  less soluble materials such as 
silicon which dissolves at a notably slow rate.(13, 14)  
Polymer-based and natural water-soluble substrates with programmable transiency 
rate, lasting from minutes to months, are investigated and reported by others and us. In the 
recent studies, thin-films made from silk,(3, 15) poly(L-lactide-co-glycolide) (PLGA),(16) 
poly(dimethylsiloxane) (PDMS)(17), polylactic acid (PLA),(18) polycaprolactone 
(PCL),(10) poly(glycerol-co-sebacate) (PGS),(19) poly(vinyl alcohol) (PVA),(16, 20) and 
nanofibrous polymeric membranes(21) were investigated as substrates of transient electronic 
devices. In some studies membranes were investigated separately and in others loaded with 
electric circuits.  
Electronic components are typically fabricated on the substrates by a wide range of 
fabrication techniques, including physical vapor deposition, electron beam evaporation, 
photolithography, surface modification, stencil mask printing and/or etching of thin-films of 
bulk materials. Transiency mechanisms of these electronic components are investigated both 
18 
analytically (11, 14) and experimentally. Depending on materials and stimuli, transiency of 
electronic components occur through corrosion,(9) dissolution,(3, 13, 14) hydrolysis(22)or a 
combination of these processes;(11) and it is typically quantified by means of mass loss(21) 
or change in the thickness(13, 14) of the component. Since these processes all depend on 
penetration of water or hydroxide ions into the structure through the thickness, the 
dissolution time and rate are determined by reaction constants, diffusivities of the materials, 
the thickness of the films, and other parameters of materials and solutions such as materials 
morphology, and pH, temperature, and concentration of liquid media. Unlike polymeric 
substrates that typically have fast transiency rates, transiency of metallic thin-films, even for 
very small thicknesses, when deposited from bulk is very slow and very often a limiting 
factor to transiency of the system as a whole. If the electronic components, however, could 
be deconstructed by an external force different than the dissolution, the faster, almost instant, 
transiency could be achieved, besides, more robust transient electronic systems, where the 
material choice for electronic components would not be limited to very soluble metals, could 
be possible.  
We hypothesized here to use the force generated by swelling of a substrate (swelling 
force) to enhance physical destruction and transiency of the electronic components; and, as 
control factor for programming the transiency rate. We report fabrication of conductive path 
thin-films from colloidal metallic particles, rather than bulk materials; which can be easily 
fabricated on a substrate and re-dispersed under the effect of swelling force. In such transient 
electronic devices composed of colloidal particles, transiency can be programed by means of 
dissolution/swelling characteristics of substrate and concomitant re-dispersion of colloidal-
based circuit.  
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In a recent work, (23)we utilized this technique to fabricate transient soft (flexible and 
stretchable) bioelectronics; and studied effects of magnitude and frequency of external 
mechanical force on electrical properties of the strained samples. In the present work, 
however, we investigate mechanics of transiency and consider correlations between material 
composition and mechanical force on rate and extent of sample deconstruction. Finding from 
our recent and current study are complementary and would enable better understanding of 
soft transient circuits from electrical, chemical, and mechanical point of view. 
In this study, PVA is used as a substrate material due to its swelling nature (swelling 
indices up to 153% in water(24), fast dissolution of its sucrose containing composites(20), 
and versatility in terms of designing its chemical and mechanical properties by felicitous 
choice of composition(20). In situ dissolution/transiency behavior of PVA-based substrates 
and colloidal silver-based electronic components was investigated through rheological and 
swelling behaviors, based on physical interactions within/between substrate, electronic 
components and the stimuli - water. 
2.2. Experimental 
2.2.1. Preparation of Substrates 
Poly (vinyl alcohol) (PVA) (Mowiol 10-98, MW: 61,000 g mol-1, 98.0 – 98.8 mol% 
hydrolysis) and sucrose were purchased from the Sigma Aldrich and used as received. To 
prepare polymer membranes with different PVA:sucrose ratio, desired amount of sucrose 
was dissolved in 20 mL deionized water (resistivity ≥ 18.0 MΩ·cm) at room temperature. 
PVA and 50 µL of 1 M aqueous HCl solution was added to the solution. The solution was 
magnetically stirred at 70 °C for 4 hours to allow complete dissolution of PVA, then cooled 
to room temperature and casted on 86 mm × 128 mm flat polymer molds. Polymer films 
were carefully peeled off when dried; drying time varied from 24 to 48 hours depending on 
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the sucrose concentration and film thickness.  For 1 g total substrate, the films thickness was 
70 ± 10 µm. Films with PVA:sucrose ratios of 1:0, 10:1, 2:1, 1;1, 1:2) were fabricated.  
2.2.2. Fabrication of Circuits 
Conductive silver paste (Pelco, 187 Series) was purchased from Ted Pella Inc. and 
diluted with acetone at 1:1 ratio. Vinyl masks with desired circuit design were fabricated 
using a vinyl cutter (US-Cutter. SC series) with 25 micron resolution and 125 micron 
repetition accuracy. Conductive silver paths were produced by spray coating of diluted silver 
over the vinyl mask. An average circuit consisted of 20 mm wide conductive paths and 
covered an area of 1.25 cm2 on the substrate. The net amount of silver (dried) used to cover 
this area was 2.8 ± 0.2 mg (corresponding thickness is about 13 µm).  
2.2.3. Rheology Measurements 
Viscosity of the substrates and devices were measured by a rheometer (AR2000ex, 
TA Instruments) with a cone and plate geometry (steel 4° cone angle and 40 mm diameter). 
Specimen was placed in 1.17 mL of DI water at center of the plate. A solvent trap was used 
to prevent water evaporation during measurements. Viscosity of the sample was measured 
and recorded every 10 s at the constant shear rate of 1 s-1 at 25.0 ± 0.1 °C.  
The recorded viscosity values were normalized with respect to the solvent viscosity 
(pure water); the concentration of the solution vs. the reduced viscosity, ηred, were then 
plotted. Reduced viscosity was deduced from the viscosity of solution (η), solvent (η0) and 
concentration (c), using Equation 2.   
𝜂𝑟𝑒𝑑 =
𝜂 𝜂0⁄ − 1
𝑐
 (2) 
The data was shifted on the horizontal axis to correct for the few second time lag 
between immersing the sample in the solvent and starting the analysis.  
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At the applied shear rate of 1 s-1, the data was fluctuating at every 90 s indicating the 
inhomogeneity of the solution during dissolution event, then moving average of 9 was 
employed to smoothen the data.  
2.2.4. Swelling Measurements 
Swelling of polymeric substrates in solvent was quantified by measuring the changes 
in planar dimensions of the specimens (blank of circuit parts of the device) as a function of 
time. Specimens were labeled with marks of known geometry and dimensions (Figure 4 a-c 
as an example). A charged couple device (Canon EOS Rebel SL1 100D) was used to obtain 
sequential images of specimens against a gridded background at desired time intervals to 
monitor and record position of the labels and determine swelling rate and behavior.  Image-J 
software was used for image analysis. At least three readings were taken for each 
measurement and averages were reported.  
2.2.5. Infrared Spectroscopy 
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy 
(Frontier Perkin Elmer) equipped with single reflection ATR attachment with diamond 
crystal was used for this study. Samples were placed directly on the ATR crystal. Four scans 
with a spectral resolution of 4 cm−1 were taken at room temperature for each sample. Data 
was processed by Spectrum 10 software. For each spectrum, an interactive baseline 
correction with respect to the position of 4000 cm−1 was employed. 
2.3. Results and Discussion 
2.3.1. Mechanism of disintegration 
In order to better predict and control the behavior of transient systems, understanding 
dissolution behaviors of substrate and disintegration of the electronic components are of 
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significant importance. To this end, the dissolution behaviors of the substrate and device 
(substrate including the circuit) are scrutinized.   
Dissolution behavior of polymers is influenced by the solvent–monomer and 
monomer–monomer interactions.(25) For transiency to occur, solvent–monomer interactions 
should dominate over monomer–monomer interactions allowing the solvent to penetrate into 
the polymer matrix and cause the matrix to swell. For thermoplastics, such as uncrosslinked 
PVA used in this study, hydrogen bonds are formed between water and hydroxyl groups of 
PVA, polymer chains disentangle as a result of uptake water, and diffuse out from the matrix. 
Solution of single polymer chains obtained at the end defines the complete dissolution 
(Figure 2.1, top row). We speculate here that expansion of the membrane applies a 
mechanical force on the circuit, which results in its physical disintegration. As illustrated in 
Figure 2.1, bottom row, initially (stages 1 and 2), expansion force may not be enough to 
disintegrate the circuit as integrity of the circuit prevents movement of the polymer chains 
that are in contact with the circuit, and leads to a resistance to expansion. As the tendency to 
expansion (swelling force) reaches a critical point, the circuit starts to disintegrate (stage 3). 
Finally, polymer matrix is completely dissolved; and, due to lack of a mechanical support 
from the substrate platform, individual colloidal particles forming the circuit are dispersed in 
the solution (stage 4). The suggested mechanism is tested by means of rheological behavior 
of dissolution and the swelling behavior of the substrate and the device.  
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Figure 2.1 Illustration for vanishing of transient electronics based on the dissolution 
mechanism of polymer membranes. Top row: Complete dissolution of polymer matrix: Stage 
1: polymer film, Stage 2,: swelling, Stage 3: complete dissolution; bottom row Complete 
dissolution of transient device: Stage 1: device, Stage 2: circuit prevents movement of 
polymer chains connected to the circuit, Stage 3: further expansion of substrate and 
disconnection of circuit, Stage 4: complete dissolution of polymer chains and breaking of 
circuit to individual colloidal particles.  
2.3.2. Rheological behavior of dissolution 
Rheological properties of polymer solutions are influenced by the polymer structure; 
thus, viscosity measurements could be utilized to assess the extent of transiency of the 
polymer membrane.(26, 27)  Shear stress (τ) and viscosity of a polymer solution (𝜂) are 
directly proportional as presented in Equation 1 (Newton’s law of viscosity).  
𝜏 = 𝜂 ∙ ?̇? (1) 
Where ?̇? is the shear rate applied; thus, viscosity measurements conducted at constant 
shear rate can be used to interpret the strength of chemical interactions in liquid media.  
Figure 2.2 demonstrates the viscosity measurements taken immediately after 
exposure to water for substrates and devices (substrate including circuit). As water is 
penetrating through the polymer matrix, chemical interactions among polymer chains are 
weaken and swelling occurs, expansion in polymer structure leads to disentanglement of 
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some polymer chains; which, in turn, results in a decrease in the viscosity. As demonstrated 
in Figure 2.2a, for a bare polymer substrate an overall gradual decrease of viscosity was 
observed upon exposure to the solvent; and, continued until a stable plateau was reached. 
Fabrication of an electric circuit on polymer substrate proved to limit mobility of polymer 
chains against each other when exposed to the solvent; and, delays the overall swelling 
process. Contrary to bare polymer substrates, those containing a circuit (device) exhibited a 
two-stage plateau (Figure 2.2b), the first implying the resistance of the system to swelling at 
relatively high viscosity followed by a second plateau at approximately the same viscosity of 
that of a bare substrate indicating re-dispersion and dissolution of the whole system (circuit 
and substrate). The time separating the two plateaus is the time required for enough amount 
of solvent to penetrate into the matrix to generate a swelling force large enough to dominated 
over compression stress due to the presence of circuit; at this point the circuit is disconnected 
and a steep reduction in viscosity is measured (stage 3 in bottom row of Figure 1), referred to 
as break-point (bp) for system transiency as the broken circuit expected to lose its function.  
The second equilibrium state is an intermediate step where the shape of the circuit is partially 
preserved although the colloidal particles are disconnected. In the third and last equilibrium 
state, viscosity approached to the equilibrium indicating a stable partially or fully dissolved 
state (stage 4 in bottom row of Figure 2.1). the measurements justifying use of viscosity 
measurements in investigation of the dissolution behavior of polymer substrates and devices.  
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Figure 2.2 Viscosity measurements for PVA polymer matrix substrate(a), and the transient 
device (b) over the period of time demonstrating their dissolution. Viscosity was given as the 
reduced viscosity to normalize the measurements with respect to the concentration of a 
sample. Note that the plot is semi-log. PVA/sucrose polymer matrix with the ratio of 1:2 were 
used with silver‐based circuit (c). The typical experimental set-up for viscosity measurement 
of the device (substrate with circuit on top) is shown (d). Absence of a platform to hold 
individual colloidal particles leads to complete disintegration of the circuit and re-dispersion 
of constituent colloidal particles. Figure 2.3 demonstrates the viscosity measurements for 
varying dissolution rates and provides a set of images collected after the measurements 
justifying use of viscosity measurements in investigation of the dissolution behavior of 
polymer substrates and devices. The break-point time (tbp), the initial reduced viscosity (η0) 
and the reduced break-point viscosity (ηbp), were determined as the critical parameters of 
dissolution obtained from viscosity measurements to investigate the effect of dissolution 
behavior of substrates and transient devices (Figure 2.4).  
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Figure 2.3 Viscosity measurements for varying dissolution rates. Dissolution rate increases 
as going from a to d. Images collected after the measurements represents the different stages 
of dissolution behavior. a) Viscosity decreases, but far from reaching to an equilibrium state 
indicating that the substrate is swollen, but it is not fully dissolved yet. Since the decrease is 
not a steep one, the dissolution appears to be very slow. In this specific case, since the 
dissolution of PVA and its composites with sucrose are known to be much faster, the 
dissolution rate is slowed down because of the experimental conditions, lack of enough 
solvent to complete dissolution. b) Substrate is swollen greatly, but not fully dissolved. The 
circuit is disconnected, but not re-dispersed to individual particles yet. c) Viscosity decreased 
to very low values after two transition states and reached to its equilibrium. Dissolution of 
substrate is completed, and the circuit is completely re-dispersed to colloidal particles. 
Device is fully degraded. d) Only one transition observed at the very beginning of the 
experiment without showing any other equilibrium state. Dissolution of substrate is 
completed too fast before allowing the circuit to re-disperse. The results justify that the 
viscosity measurement involves critical information and can be used in investigation of the 
dissolution behavior of polymer substrates and devices. An example for as prepared device is 
presented inset.  
 
Figure 2.4 Parameters defined for dissolution behavior.  
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2.3.3. Vanishing behavior of transient substrates and electronics 
2.3.3.1. Rheological behavior 
The critical parameters of transient behavior are compared for varying concentration 
of the PVA/sucrose substrates in the absence (substrate) and the presence of circuit (device) 
and reported in Figure 2.5. Figure 2.5a shows that sucrose dominating substrates, the 
substrates with sucrose concentration of equal to or higher than that of PVA, manifest faster 
dissolution than others. Similar behavior was observed in our previously reported study(20) 
by measuring the weight loss of substrates as a function of time. Comparing to weight loss 
measurements, viscosity measurements are expected to result in relatively longer dissolution 
times since the available water content for dissolution is limited (the volume of cone and 
plate geometry is about 1.2 mL, regarding concentration of the samples are around 13 – 17 
g/L). In the case of pure PVA, for instance, PVA could not fully dissolved due to the lack of 
enough solvent (Figure 2.3a), thus exhibited much higher viscosity value at plateau region 
with the lack of sharp decrease in viscosity.    
 
Figure 2.5 The effect of sucrose content of polymer matrix substrate on the critical 
parameters of dissolution obtained from viscosity measurements for substrates (dotted lines) 
and devices which include circuit on substrate (solid lines). tbp is the break-point time for 
system transiency (a), η0 is the initial reduced viscosity (b) and ηbp is the reduced break-
point viscosity (c). 
Faster dissolution and lower viscosities of sucrose containing PVA substrates, the 
ones containing sucrose content equal to or higher than that of PVA, could be explained by 
chemical interactions within substrate and between substrate and the solvent. The FTIR 
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spectra in Figure 2.6 focuses on the band at 1141 cm-1 corresponding to the symmetric C-C 
stretching mode and shows pronounced absorption with increased sucrose concentration, 
particularly as the content of the sucrose equal to or higher than that of PVA, indicating the 
more crystalline polymer substrates. Mallapragada and Peppas(28) reported that dissolution 
rate of the PVA polymer films are proportional to the degree of crystallinity; thus, fast 
dissolution of sucrose dominating PVA substrates is attributed to their increasing 
crystallinity. With increasing sucrose concentration, more sucrose interacts with higher 
portion of PVA chains create more volume of crystalline domains while intuitively 
disentangling the polymer chains. Combined with very fast dissolution of sucrose domains in 
water, less entangled matrix leads to faster dissolution and lower viscosities as observed in 
Figure 2.5a-c.  
 
Figure 2.6 ATR-FTIR spectra of PVA – sucrose substrates with varying composition. The 
bands at 1142 cm-1 are the indication of the semi-crystalline PVA.  
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As the polymer matrix is first exposed to water, the measured viscosity can be 
considered as an analogous to the Young’s modulus, as the measured value is the shear stress 
in the case of viscosity measurements rather than the tensile stress as in tensile 
measurements. In order to calculate the reduced viscosity, the increment in viscosity with 
respect to pure water solvent is calculated and normalized to the substrate concentration in 
water. The Young’s modulus values, which have been recently reported for the PVA/sucrose 
composites(20), trends in the same way with the initial reduced viscosity reported in Figure 
3b, which partly confirms the validity of using viscosity measurements to investigate the 
dissolution behavior. Having circuit on top of the substrate resulted in higher viscosity, i.e. 
exhibits higher resistance to flow, comparing to the measurements for substrates with the 
same composition.  
Sucrose acted as a plasticizer for PVA and led to decrease in the break-point viscosity 
of substrate solutions from 3.7 L/g to 0.3 L/g (Figure 2.5c). Particles or broken pieces of 
circuits in solution act as obstacles to flow of solution and lead to higher reduced break-point 
viscosity values than the viscosities of regarding substrates with the same concentration but 
without circuit (Figure 2.5c). In the presence of circuit (device), the break-point viscosity of 
the entire solution decreased from 47.0 L/g to 1.4 L/g (Figure 2.5c).  
Reported results support that rheological measurements can be used as a tool for 
investigation the dissolution behavior of transient devices since it explains the full in situ 
dissolution behavior of not only substrates, but also the devices (substrates with circuit). 
Examples of its further use include mimicking the real application conditions of transiency in 
a sample such as in solvents with varying pH, temperature and chemistry. The critical 
parameters of application in interest such as the maximum shear stress, dissolution behavior 
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under shear, etc. could also be investigated by means of the rheological behavior, which is 
challenging via the weight loss measurements. Viscosity measurements at constant shear rate 
offer comprehensive information about not only in situ behavior of substrates, but also that of 
devices as a whole, such as dissolution, degradation and/or transiency behavior, viscoelastic 
behavior, and programmability.  
2.3.3.2. Swelling behavior 
Function of a transient device is directly related with integrity of a circuit. Since 
disconnection and/or breaking of the circuit was expected to be controlled by swelling a 
polymer composite film, expansion of the substrates and devices was investigated. Figure 
2.7 demonstrates the three distinct behaviors of devices triggered by the swelling force 
applied in a certain time span, which could be controlled only by changing the composition 
of the substrate. Among all, the device with pure PVA substrate showed the slowest 
expansion while the one with 2:1 PVA:sucrose ratio (Figure 2.7b) exhibited the largest 
expansion. Independent from the duration of expansion, in both case, expansion forces lead 
to breaking of the circuit into almost individual particles. As the concentration increased 
further (to 1:1 PVA:sucrose ratio, Figure 2.7c), however, the transiency of substrate was too 
fast, thus the substrate dissolved even before breaking the circuit, left it almost complete. 
Figure 2.7d compares the pace of expansion for the blank and the circuit parts of devices in 
the first minute of an experiment. It is known from viscosity measurements reported above 
that interactions of PVA polymer chains in pure PVA substrate are relatively much stronger 
(deduced by the higher viscosity values) while its dissolution is dependent on the sucrose 
concentration: the dissolution is much slower for substrates with sucrose concentration equal 
to or higher than that of PVA (deduced by the higher dissolution times). 
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Figure 2.7 Swelling of transient devices with PVA/sucrose matrix substrates. PVA:sucrose 
ratio of 1:0 (a), 2:1 (b), 1:1 (c).  Background is a 5 mm grid. Time passed after immersion of 
transient devices in water is given at the right bottom corner of images. For all cases (a-c), 
the images from left to right represents the initial condition, the resistance to swelling in the 
presence of circuit (please compare the sides with circuit and the one of substrate), the 
circuit after the break-point, and the final appearance of the device (after this point, the data 
was kept recorded, but the change observed was not significant.), respectively. Note that the 
expansion is not same for each case. (d) Comparison of expansion for the substrate and the 
circuit containing (device) parts after a minute of exposure to water. Here, the error in 
expansion stemmed from the physical contact of the substrate and the circuit containing part 
is assumed negligible, thus the values should be considered relatively.  
During swelling experiments, expansion of pure PVA substrates reached to the values 
as high as 60% in 60 min without a significant difference between the substrate and the 
circuit containing parts of the same device (the difference is about 10% at its maximum) 
indicating that the interactions between polymer chains is strong enough to disconnect the 
circuits as the film expands. Since the polymer film dissolved slowly, the shape of the circuit 
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could be preserved even after an hour of exposure to stimuli, but in the form of almost 
individual particles. 
With a small addition of sucrose to the PVA (10:1), the largest expansion for the 
circuit containing part of the device, around 85% for the blank and 80%, could be obtained in 
10 min of exposure (Figure 2.7a). Strong chemical interactions (hydrogen bonding 
capability) of sucrose with both PVA and water might attract the water molecules towards 
into the polymer matrix and results in larger expansion as compared to that of pure PVA 
sample. As observed in Figure 5b, the fast expansion resulted in disconnection of the circuit 
very fast.  
The samples of substrates with the composition of 2:1 exhibits the fastest expansion 
among other samples (Figure 2.7d). The substrate and the circuit containing device parts for 
this composition expands about 75% and 60%, respectively only in 5 minutes exposure to 
stimuli (Figure 2.7b). The expansion difference between substrate and the circuit containing 
parts was decreased from 40% to 20% in the first minute of exposure indicating that the 
circuit could not resist to this significant expansion and disconnected in only few minutes 
after being exposed to the stimuli, thus is expected to exemplify instant transiency.  
Increasing the concentration of sucrose to equal or higher concentrations than that of 
PVA (1:1 and 1:2), resulted in very fast dissolution of substrates. As discussed above, the 
relatively less entanglements in sucrose dominating substrates due to their higher crystallinity 
limit the expansion of the composite matrix. Substrates with high sucrose concentration (1:1, 
1:2) could expand to a limited level of 45% while the maximum expansion of circuit parts 
was about 20% (Figure 2.7c). Because of the absence of strong expansion forces, the 
interactions which hold silver particles together dominates, and the circuit could preserve its 
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integrity even though the substrates dissolved away. Such a device could be used where the 
substrate is critical only to support the device mechanically and holding the components 
together during its transfer, but required to be discarded after the transfer to enhance the 
contact between the electronic components and the surface of interest, but does not 
necessarily requires the transiency.  
The mechanical fracture observed in Figure 2.7c could be prevented by adjusting the 
thickness of the substrate or the active components. Fracture of a circuit due to the bending 
of a flexible substrate could be prevented by using thinner substrates or thicker circuits as 
suggested by Hwang et al. (10) or by optimizing the mechanical, chemical and transiency 
properties of a substrate as suggested by Acar et al (20) or in the presence of external support 
such as tissue or skin.  
The fact that the integrity of electronic components, thus transiency behavior of the 
device, could be controlled by dissolution behavior of the substrate as discussed in Figure 
2.7, the same simple system can be used for a range of applications by felicitous choice of 
substrate chemistry that tunes the chemistry and physical properties of the devices. Slowly 
degrading substrates (1:0 and 10:1) can be used for biological application which requires 
programmable degradation, while instant degradation as in the sample of 2:1 can be used for 
military applications. The samples which the circuit could preserve its integrity despite of the 
degradation of substrate (1:1, 1:2) can be used for making sensors applied on surfaces of 
human skin, plants, etc. for more accurate and precise measurements.  After placing the 
sample on the surface, substrate could be washed off. The remaining functional parts of the 
device would directly interact with the surface of a target and will potentially enhance quality 
of a contact.(4) 
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2.4. Conclusion  
The results presented here provide a scientific foundation for a new approach toward 
fabrication of conductive components of transient electronics, utilizing colloidal metal 
particles to achieve fast and coordinated deconstruction and transiency of polymeric substrate 
and electronic components in transient electronic devices. A transformative and appealing 
aspect of this approach is that it allows realization of controlled transiency by eliminating 
limiting factors posed by dissolution rate of metals. It was demonstrated that if colloidal 
metal particles are used for conductive paths, the transiency of polymer-based substrates, 
which are easier to control, can be used to program transiency of the whole system; and, that 
unlike conventional transient electronics, transiency rate of substrate can be a controlling and 
dominating factor.  
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CHAPTER 3.    TRANSIENT BIOELECTRONICS: ELECTRONIC PROPERTIES 
OF SILVER MICROPARTICLE-BASED CIRCUITS ON POLYMERIC 
SUBSTRATES SUBJECTED TO MECHANICAL LOAD 
Published in the journal of Polymer Science Part B: Polymer Physics 53.22 (2015): 1603-
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Abstract 
Transient soft bioelectronics are capable of forming conformal contacts with 
curvilinear surfaces of biological host tissues and organs. Such systems are often subject to 
continuous static and dynamic loads from the biological host. In this paper, we present 
investigation of electronic attributes of transient soft bioelectronic circuits subjected to 
mechanical force, and influence of substrate’s transiency on the transiency of the whole 
device; also, characterize and quantify loss of functionality in triggered devices. Variations in 
the electrical conductivity of circuits as a function of applied mechanical load was used as a 
means to deduce electronic characteristics under stress. The experimental results suggest that 
there exists a correlation between electronic properties of circuits and applied mechanical 
strain; no clear correlation was, however, observed between electronic properties of circuits 
and frequency of the applied dynamic load. Control over transiency rate of identical circuits 
utilizing the transiency characteristics of the poly (vinyl alcohol)l-based substrates is also 
studied and demonstrated. 
3.1. Introduction 
Recent advances on integration of electric circuits on advanced soft materials have 
enabled an emerging field at the junction of materials science, electronics and biology. 
Bioelectronics, due to their unique characteristics, such as biocompatibility and flexibility, 
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allow direct integration of electronic devices on curvilinear biological tissues.(1-5) Thus far, 
there has been significant improvement on active (e.g. pacemakers), and passive (e.g. 
artificial hips and joints) non-degradable biomedical components, as well as passive (e.g. 
sutures) bioresorbable biomedical components. However, active bioresorbable components 
(bioelectronics) is still an immature field of study with great potentials and opportunities. 
Recently, integration of biodegradable organic and inorganic electronics on transient 
substrates has enabled the development of transient bioelectronics. Transient electronics, in 
general, is an emerging field in materials science and engineering focused on materials and 
structures that can maintain full functionality up to the point they are no longer needed, and 
undergo fast self-destruction when transiency is triggered. Trigger and triggering 
mechanisms vary from heat/melting(6) to solvent/dissolution(7, 8) to 
light/photodecomposition,(9) to name few examples. Transient bioelectronics with controlled 
transiency rate are realized by fabrication of circuits and electronic components of organic 
and inorganic biodegradable materials(8, 10-13) on substrates with controlled transiency 
rate;(14, 15) and, can limit or completely eliminate the need for secondary invasive surgeries 
required to remove implanted bioelectronics, once the operation period is completed.(7)  
Controlling transiency rate of electronic components of transient bioelectronics is very often 
more challenging than that of transient substrates because the electronic properties of 
electronic components may be compromised for transiency attributes, which is overall 
undesirable. 
Early works on transient materials and electronics started with electronics on 
bioresorbable substrates and also partially transient electronics with certain degradable 
components. Instances of the first studies include conformal bioelectronics based on 
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bioresorbable silk substrate in which dissolution of silk initiates wrapping of electronics 
around biological tissues.(16, 17) Instances of partially dissolvable electronics include 
devices in which all components except electrodes and interconnects are dissolvable in 
biological medium.(12, 15) Recently, fully dissolvable electronics have been reported by 
Rogers et al. They use silicon as the semiconductor, metal oxides (MgO, SiO2) as dielectrics, 
Mg for conductors and silk as the substrate and packaging material.(7, 8) Another example of 
a fully transient electronic is a RF pressure sensor which uses a Zn/Fe bilayer as the sensor 
conductor material, poly-L-lactide as dielectric and polycaprolactone as the structural 
material.(18) More recently high performance transient electronics,(11) transient 
batteries(19) and programmable transient electronics(20) are also reported. 
Early studies toward realization of transient bioelectronics initiated and evolved 
around addressing the technological gap in active bioresorbable biomedical devices by 
fabrication of biocompatible transient electronic components. Basic transient bioelectronics 
have been fabricated by patterning inorganic and organic conductive materials on a variety of 
soft transient substrates of natural and synthetic materials. To our best knowledge, the first 
reported transient electronics component was a field-effect transistor based on poly (vinyl 
alcohol) (PVA) as gate dielectric, and 5,5′-bis-(7-dodecyl-9H-fluoren-2- (yl)-2,2′-bithiophene 
(DDFTTF) as organic semiconductor on poly(L-lactide-co-glycolide) (PLGA) substrate; 
reported by Bettinger et al. More recently, studies have been reported on wide range of 
organic materials for bioelectronics.(21-23)  
Transiency rate and correlation between mechanical force and electrical properties are 
critical to success of transient soft bioelectronics. Due to their low elastic modulus, soft 
electronics may undergo large strain when subjected to even small magnitudes of stress; such 
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deformation may influence and alter the electronic characteristics of the electronic 
components. In our previous studies we have investigated soft ionic polymers for their 
electronic and mechanical properties in form of soft actuators and sensors,(24-35) and in 
healthcare applications(36, 37) also, we have investigated use of PVA-based polymer 
composites to control transiency rate.(14)  
 
 
Figure 3.1 Patterning PVA-based substrates with silver ink.diluted silver ink is spray-coated 
on the substrate over a patterned mask; b) a basic circuit consisting of a straight conductive 
path fabricated on PVA-based substrate, similar samples were used for electrical-
mechanical testing when resistance was monitored; c and d) a receiver circuit consisting of 
an antenna and capacitor fabricated from silver ink and carbon-based resistors on PVA 
substrate, similar samples were used to receive wirelessly transmitted signals; e) optical 
microscopy image of a silver ink conductive path (light) on PVA substrate (dark); f) SEM 
image of silver ink coated electrode. 
In this work, we have fabricated a series of prototypical circuits based on spray-
coated silver microparticle conductive paths on PVA-based substrates (Figure 3.1) and have 
investigated their environmental stability as well as strain-dependence of their electronic 
properties to establish a correlation between applied stress and electronic properties in 
transient soft bioelectronics.  
3.2. Experimental  
3.2.1. Materials 
Poly(vinyl alcohol) (PVA) (Mowiol 10-98, MW: 61,000 g mol-1, 98.0 – 98.8mol% 
hydrolysis), sucrose (98%), hydrochloric acid and acetone were purchased from Sigma-
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Aldrich (St. Louis, MO, USA). Conductive silver ink (Pelco, 187) was purchased from Ted 
Pella, Inc. USA. 
3.2.2. Membrane casting 
 10 µl of 1 M hydrogen chloride (HCl) was added to 20 ml of DI water and used as 
the base solvent. For each membrane composition, desired amount (0, 0.1, 0.5, and 2 gr) of 
sucrose was dissolved in the base solvent, 1 gr of PVA was then added to the solution and 
stirred at 70 °C for 4 hours. The solution was then cooled down to ambient temperature and 
casted on a plastic mold (Teflon sheet for receiver substrate). Cured membranes were then 
carefully peeled off of the mold after 24 to 48 hrs depending on the composition. 
3.2.3. Electrically conductive patterns 
Conductive silver ink was diluted with acetone (1:1 volume ratio) and sprayed on the 
polymeric membranes over a vinyl mask of desired pattern with open area of 25 mm2. Vinyl 
masks with desired circuit designs were fabricated using a vinyl cutter (US-Cutter, SC series) 
with 25 μm planar resolution and 125 μm repetition accuracy. Film thickness was controlled 
by monitoring the electric conductivity of the sprayed thin-films. 
3.2.4. Mechanical characterization  
Mechanical characterization was performed on a Dynamic Mechanical Analyzer, 
(DMA-1, Mettler Toledo), loaded with tension clamp, at static and dynamic modes. Static 
testing was performed on force controlled mode for a range of 0 – 10 N at a rate of 0.5 
N/min. Dynamic testing was performed under displacement controlled mode, at 1 Hz for fast 
oscillation and 0.2 Hz for slow oscillation; and, at 12 μm for small displacement and 180 μm 
for large displacement. All mechanical testing were isothermal. Clamps were isolated by 
paper-tape to prevent short circuit when electrical measurements were taken. 
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3.2.5. Electrical characterization 
Electronic properties of circuits under stress were monitored and recorded on a 
potentiostat (VersaSTAT 4, Princeton Applied Research) using VersaStudio software. Bias 
potential of 1 V was applied during the experiments and resistance was measured and 
recorded by the software. For stability control, a benchtop digital multimeter (DMM 4050, 
Tektronix) was used to directly monitor and measure resistance to 5 significant figures. All 
resistance data are normalized for the geometry of the sample.  
3.2.6. Degradation  
Transiency of circuits in DI water was monitored using a charged coupled device 
(CCD) camera. The extent of circuit degradation was deduced from loss of conductivity. 
Circuits were degraded in petri dish filled with DI water; external electrodes were isolated 
from contact with the solution to prevent current flow from the electrodes through the 
solution. Extra care was taken to ensure that current could only flow through the circuit on 
polymer substrate.   
3.2.7. Wirelessly Transmitted Signal 
An electric signal was generated using an induction coil (0.23 mm D wire, 755 turns, 
6.0-8.0 ohm) powered by a 17 MHz, 10  Vpp square wave from an arbitrary function 
generator (AFG 3022B, Tektronix).  The signal was received through a transient circuit 
connected to an oscilloscope (MSO2014, Tektronix). Experiments were conducted in faraday 
cage with shielded cables to reduce noise. 
3.2.8. Imaging  
A benchtop scanning electron microscopy (JCM-6000 NeoScope) was used to acquire 
high-resolution images of the silver electrodes and to confirm uniform coating. Close-up 
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images of circuit were acquired using a digital microscope (AM7013MZT4, 5MP, Dino-Lite 
Premier); and other images were acquired using an ordinary CCD camera.  
3.3. Results and Discussion 
3.3.1. Environmental Stability 
Maintenance of electrical and mechanical properties under ambient conditions is 
highly desired for bioelectronic devices as it guarantees sufficient functionality when 
transiency is not yet triggered. In our previous work,(14) we have investigated the 
mechanical properties of transient PVA  substrates with controlled transiency rate as a 
function of the environmental conditions. As part of the present study we have investigated 
the electrical stability of circuits on transient PVA substrates for maintaining their electrical 
properties when exposed to the ambient conditions (average relative humidity of 75% at 
22ºC) over a period of several days. Presented in  
Figure 3.2 is the measured resistance of an arbitrary electronic circuit (similar to that 
shown in Figure 1-b, 5 mm × 5mm connection points connected by a 33 mm × 1.5 mm path) 
fabricated via spray coating on a pure PVA substrate over a four-day period. The resistance is 
unchanged and stable to micro-ohm scale from the first hours (inset) to the end of the four-
day data collection period. Results suggest that, although it is unpackaged and fully exposed 
to ambient conditions, the circuit and the substrate completely maintain their mechanical and 
electrical integrity and do not exhibit any loss of functionality. This is particularly important 
as even a slight change in electrical characteristics of electronic components may result in 
loss of functionality of the whole electronic circuit. Transient bioelectronics, just like 
ordinary electronics, must maintain their mechanical and electrical stability during their 
operational period, and be capable of rapidly undergoing loss of functionality and 
degradation once transiency is triggered. 
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Figure 3.2 Electrical stability of PVA-silver circuit in ambient conditions over a 4-day 
period. Inset represents data for the first 4 hours. 
3.3.3. Transiency  
3.3.3.1. Simple circuit 
Circuits consisting of single electrodes (Figure 3.1b) were fabricated on PVA-
sucrose substrates of different content ratios. The experiment was aimed to identify the role 
of substrates’ transiency on defining the transiency rate of the whole circuit. Similar 
substrates without circuits were previously studied in our group and it was observed that 
addition of sucrose to PVA matrix, beyond 2:1 (PVA:sucrose) ratio (corresponds to 0.5S 
sample) will expedite the transiency(14).  In this study, identical conductive patterns were 
fabricated on pure (10:0), 0.1S (10:1), 0.5S (10:5) and 2S (10:20) PVA-sucrose membranes 
and resistance was monitored and recorded as a function of exposure time to DI water. The 
experimental data suggested that transiency rate increases with increasing concentration of 
sucrose. The 2S circuit, having the highest sucrose ratio undergo most significant loss of 
functionality and the sample degraded very rapidly resulting in a significant drop of electrical 
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conductivity. Since the transiency of membrane is deriving that of the whole circuit, this 
information is particularly important in design of bioelectronic devices with controlled 
transiency rate. Presented in Figure 3.3 are resistance curves for samples of different 
composition over 1100 s. Pure PVA sample and those with lower concentrations of sucrose 
degrade more uniformly as their composition is more homogeneous. In samples with higher 
sucrose concentration, like 2S, sucrose crystals are formed which result in a phase-separated 
composite. These sucrose crystals can undergo very quick dissolution and result in fast 
degradation of the whole system and thus drop of electrical conductivity. Formation of 
sucrose crystals and their influence on transiency rate of polymer substrates is discussed in 
our previous study.(14)  
 
Figure 3.3 Transiency of a straight conductive paths fabricated on different substrates are 
quantified from loss of electrical conductivity when exposed to DI water. 
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3.3.3.2. Complex circuit 
A receiver circuit (Figure 3.1c) was designed and fabricate using silver ink and 
carbon on PVA substrate. The circuit was designed to receive a signal sent by an inducting 
coil over a short distance (approximately 50 cm). The receiver was exposed to DI water as 
the received signal was monitored. Unlike the previous study (demonstrated in Figure 3.3 in 
which loss of electronic conductivity was interpreted as loss of functionality in electronic 
circuits, here loss of the received signal was used to quantify loss of functionality and 
transiency of the device. Sequential images in Error! Reference source not found. show a r
eceiver circuit as it undergoes transiency over period of 500 s. The last image (bottom-right) 
is after a slight agitation of the petri dish.  
 
Figure 3.4 Sequential images of transiency of a circuit designed to receive signal from a 
nearby inducting coil. The images are recorded over a period of 500 s. 
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Signal from the receiver was monitored and recorded using an oscilloscope over a 
period of 450 s; beyond this duration the connections were all degraded, which made it 
impossible to collect reliable data. The collected data are shown in Figure 3.5. 
 
Figure 3.5 Overlapped signals received by the receiver circuit and recorded by an 
oscilloscope. The sample losses functionality over a period of approximately 450 s. 
This experiment demonstrates and confirms wireless transmittance of signal to a 
transient device as it is undergoing transiency. Transiency of the polymer substrate plays an 
important role in breaking up the circuit and contributes to expedited transiency rate. As the 
receiver is degrading, in addition to amplitude of peaks, their location is also changing and 
shifting to the right, indicating that the device is losing its intended functionality. The 
baseline signal (picked up by the clamps and cables before connecting the receiver) is 
subtracted from the presented data. Positive peaks of the received signals are plotted in 
Figure 3.6, showing loss of functionality of the electroic device as a function of time.   
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Figure 3.6 Loss of functionality of a receiver circuit as a function of exposure time to water. 
Transiency experiments suggest that transiency rate of PVA-based substrate is 
dominating the mechanism of degradation and transiency of the whole device. Degradation 
and transiency rates of the bioelectronic devices can be controlled and tuned by controlling 
transiency of the polymeric substrate through modification of composition. The transiency 
mechanism of electronic components in this report is novel and different from the dissolution 
approach reported by others where the metals and semimetals like magnesium and silicon are 
chemically dissolved in the solvent (typically water) over a usually extended period of 
time.(7, 8, 11, 20)  Here, the transiency of electronic components occurs very quickly and it 
is due to re-dispersion of silver microparticles in the solvent (water). This approach allows a 
two-stage transiency: a very quick initial transiency that disables the electronics and breaks 
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components into micro-scale particles; and a second stage which allows chemical dissolution 
of the remains if they are soluble like magnesium. Silver microparticles used in this study are 
only for demonstration of electronic characteristics of bioelectronics and will not chemically 
dissolve in water, thus the stage two will never occur; not to mention silver and silver 
microparticles are not suitable metals to be implanted in the body especially for transient 
bioelectronics where the device is to be absorbed into the bioenvironments; however, silver-
based electronics may be used for epidermal bioelectronics and other non-biological 
applications such as military and environmental applications. For biological applications, 
biocompatible and biodegradable conductive pastes such as those based on tungsten and zinc 
can be used.(38) General findings and trends regarding strain-dependence of electronic 
properties are expected to be transformative to circuits fabricated based on other metal and 
semimetal nano and microparticles.  
3.3.2. Strain-Electronic Properties Correlations 
Epidermal and implantable bioelectronics, depending on their host organ, have high 
probability of being subjected to mechanical stress from the host biological tissue. For 
instance, epidermal bioelectronics are subject to tension and compression exerted by the skin; 
and, if implanted on or in close vicinity of a muscle, subject to dynamic stress due to 
contraction and relaxation of the muscle. It is important to establish correlations among the 
applied stress, strain and electronic characteristics of bioelectronics to understand and 
compensate for potential fluctuations in the overall electronic characteristics of 
bioelectronics. We have examined electrical properties of transient circuits fabricated on 
PVA substrates in response to both static and dynamic loads. For purpose of discussion, 
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electronic resistance is used as a means to deduce variations in the electronic properties of 
the circuits.  
3.3.2.1. Static load 
 Resistance of a circuit similar to that presented in Figure 3.1b was investigated in response to 
strain due to a force of 0 – 10N increasing at a step size of 0.5N/min, load condition at each 
step was treated as static. As presented in Figure 3.7, the resistance was measured and 
monitored as a function of strain and exhibited an increasing trend with increasing strain. 
Resistance remained approximately unchanged for up to 0.15% strain; and increased uniformly 
subsequently up to approximately 1.3%, where the resistance reached a plateau followed by 
non-uniform fluctuations which are most probably indications of failure and significant 
fracture of the silver coating. 
 
Figure 3.7 Resistance of silver microparticle conductive path is directly proportional to the 
elongation of circuit under load. 
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The conductive path is deposited from silver microparticles (Figure 3.8a) thus it does 
not behave elastically once elongated. The increase in resistance is mainly due to partial 
separation of the silver particles and micro-crack formation in the conductive path (Figure 
3.8-b) that retards current flow; however, elasticity of the PVA substrate could bring the 
silver microparticles back together and fully or partially recover the conductivity when the 
stress is removed (Figure 3.8c-d). This is evident in the data presented and discussed in the 
subsequent section, Dynamic Load.  
 
Figure 3.8 SEM micrographs of a) silver ink coating on PVA substrate; b) under 1.8% 
strain; c) after strain is removed with visible partially recovered fracture; and d) an intact 
area after strain is removed. Yellow arrows point at a fracture point while sample is strained 
(b) and a partially recovered fracture after strain is removed (c).  
3.3.2.2. Dynamic load 
Electronic properties dependence on dynamic load, which is a more realistic 
comparison to a biological host tissue, was carried at different frequencies and 
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displacements.  Presented in Figure 3.9 are fluctuations in the resistance of a circuit 
subjected to 180 μm displacement (corresponds to a strain of 1.8%) at 0.02 Hz frequency. 
The fluctuations are almost fully reversible, although a lag is observed when the stress is 
removed, which is due to the viscoelastic behavior of the PVA substrate. After removal of 
the stress at midpoint of each cycle, the PVA substrate recovers from the elongated state back 
to the neutral state; this recovery, however, is not immediate. As evident from the data, a 
large portion of recovery (60-70%) occurs instantaneously and the remaining occurs over a 
period of time.  
 
Figure 3.9 Variations in electric resistance of a silver microparticle conductive path 
subjected to 1.8% strain at frequency of 0.02Hz. 
Overall behavior at higher frequency (1 Hz) and different (12 μm and 180 μm) 
displacements (corresponding to strains of 0.12% and 1.8% respectively) was very similar to 
that at lower frequency. As shown in Figure 3.10, a correlation exists between strain and 
resistance; a clear correlation between frequency and resistance, however, is not evident from 
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our experiments. For high frequency testing, the sample was subjected to cyclic low and high 
strains; a lag was observed in low-strain data at high frequency testing; i.e. the resistance 
peak in low-strain data occurs slightly after that of the high-strain data. The second peak on 
each cycle corresponds to the period of time when the stress is evidently removed; however, 
despite initial drop of resistance reading, it does slightly increase before decreasing again to 
the neutral (initial value). The nature of the lag and secondary peaks are still unknown to us. 
They may be due to equipment limitations and/or nonlinear behavior of the substrate or 
circuit. 
 
Figure 3.10 Electrical response of a straight conductive path as a function of low and high 
strain at frequency of 1Hz. 
Also, over numerous cycles an overall increase in resistance was observed. Increase 
in overall resistance, although very small and detectable only after tens of cycles (Figure 
3.11), may be an indication of change in electronic properties in long-term; a longer 
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relaxation period may be needed to fully recover from this state, such condition (tens of 
consecutive cycles) is rare in biological systems except for few organs like heart.   
 
Figure 3.11 The overall resistance increases after numerous cycles of 1.8% strain. 
What makes soft and flexible electronics vulnerable to malfunction is variations in 
electronic properties when subjected to strain. Elastic modulus of soft electronics is orders of 
magnitude less than that of ordinary silicon-based electronics; thus, even small forces can 
cause significant deformation and elongation in soft electronics that will affect their 
electronic properties. Our studies presented in this paper suggest existence of a reversible 
correlation between electronic properties and strain; yet, non between electronic properties 
and frequency of the applied stress. This observation is mainly due to the mismatch of elastic 
moduli between polymeric substrates and electronic components. Under larger elongation of 
PVA substrate, silver microparticles are distanced from each other, which causes a drop in 
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conductivity; upon removal of force, the elasticity of polymeric membrane brings the 
electronic components back together and results in the recovery of electrical conductivity. At 
higher frequency (1 Hz) a similar behavior was observed. Viscoelasticity of polymeric 
membrane resulted in a lag in recovering from the stress after it was removed. Considering 
significant variations in electrical resistance as a function of strain, development of 
conductive material with elastic moduli closer to that of soft polymers appears to be 
necessary for fabrication of, especially large area, soft electronics and bioelectronics. 
3.4. Conclusion 
Circuits consisting of silver microparticle-based electronics were fabricated on PVA-
based substrates and subjected to static and dynamic mechanical strain while their electronic 
properties were monitored and recorded. Conductivity of circuits was monitored and utilized 
as a means to deduce electronic properties when the circuits were subjected to different 
extents of mechanical strain at different frequencies. A correlation between electronic 
properties and strain was observed; yet, no correlation was evident between electronic 
properties and the frequency of the applied mechanical strain. It was also demonstrated that 
the composition of the polymeric substrate could be used as a means to control the transiency 
rate of bioelectronic circuits. This work is expected to contribute to design and fabrication of 
transient soft bioelectronics with metastable electronic properties and controlled transiency 
rate.    
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CHAPTER 4.    ACTIVE TRANSIENCY: A NOVEL APPROACH TO EXPEDITE 
DEGRADATION IN TRANSIENT ELECTRONICS  
Abstract 
Transient materials/electronics is an emerging class of functional devices that are 
capable of undergoing rapid degradation at prescribed time and controlled rate once 
transiency is triggered. Transiency rate in solvent-triggered devices is strongly dependent on 
the chemical composition of the constituents, as well as their interactions with the solvent, 
upon exposure. Such chemical interactions are typically slow, passive, and diffusion-driven. 
In this study, we are introducing and exploring integration of gas forming reactions into 
transient materials/electronics to achieve selective, expedited, controlled, and active 
transiency. Integration of more complex chemical reaction paths to transiency, not only 
increases selectivity of the process, but also enhances pre-transiency chemical stability of the 
system while under operation. A proof-of-concept transient electronic device, utilizing 
sodium-bicarbonate/citric-acid pair as gas forming agents is demonstrated and studied vs. 
control devices in the absence of gas forming agents. While exhibiting enhanced transiency 
behavior, substrates with gas forming agents also proved sufficient to be used as substrates, 
concerning pre-transiency mechanical properties and physical stability. 
4.1. Introduction 
Transient electronics is an emerging technology with paramount potentials in a wide 
range of applications, from bioelectronics, to environmental monitoring, to homeland 
security, to name few examples. (1) While transient materials is becoming a heavily-studied 
field, it is in its infancy stage and there are many progresses that are to be made before 
transient electronics can be integrated with real-life applications. One is the need for a 
platform more selective to triggering mechanism. 
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Early works on transient materials and electronics can be divided into three main 
categories: Electronics on bioresorbable substrates,(2) partially transient electronics with 
specific degradable components,(3) and fully dissolvable electronics.(4) Most of the previous 
studies in this filed have focused on dissolution based transiency. (4-10) Thermally and 
Optically triggered transiency have also been studied, yet to a lesser extent.(11, 12) Park et 
al. and Hernandez et al. have reported systems where acid generation derives the 
disintegration of the system. Examples of transient electronic devices include transistors,(7) 
mechanical energy harvesters,(13) energy storage devices,(14, 15) and functional circuits for 
RF transmission.(16, 17) 
Transient electronics have been successfully designed, fabricated and studied as 
biomedical devices,(3, 7, 18) environmental sensors, and secure memory devices.(19) 
Several groups have extensively investigated applicable materials in the field of transient 
electronics, and their degradation behaviors.(7, 8, 19-26) The desired degradation time is a 
critical parameter that is highly dependent on the application. In case of hardware security, 
the appropriate degradation time is expected to be significantly shorter than that appropriate 
for biomedical devices. Rogers et al. have reported materials and fabrication technics that 
facilitate transiency within few days,(4, 27) mainly applicable to biomedical devices. In a 
previous study, we reported poly(vinyl alcohol) (PVA) platforms with programmable 
degradation rate to accommodate controlled transiency of transient electronics within 
minutes.(6) In another study, we introduced hybrid-transiency and investigated the use of 
none-transient colloidal nano/micro-metal particles as conductive components that can be 
redispersed in the solvent, utilizing swelling force of a swelling transient substrate.(15, 17, 
28-30) Utilizing transient substrates with controlled swelling force and hybrid transiency 
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approach enabled use of a wide range of non-transient materials in transient electronics and 
devices.(28) 
While advantageous, use of non-transient materials hinders and limit the efficiency of 
the hybrid transiency approach, relying only on the solvent-transient materials chemical 
interactions and performance of the transient materials in a given hybrid-materials-solvent 
system. Such chemical interactions are typically slow, passive, and diffusion-driven. More 
complex (functional devices) have higher non-transient/transient materials ratios, resulting in 
an inverse correlation between transiency and functionality.  
Here, we are introducing and exploring a new transiency approach by designing 
transient materials to undergo selective, active, and fast chemical reactions with their 
environment (solvent) and generate physical force that could be utilized in hybrid transiency 
and disintegration/redispersion of non-transient components. This is achieved by the 
integration of gas forming agent into the transient materials to achieve selective, expedited, 
and active transiency via controlled chemical reactions. Integration of more complex 
chemical reaction paths to transiency, not only increases selectivity of the process, but also 
enhances pre-transiency chemical stability of the system while under operation. A proof-of-
concept transient electronic device, with non-transient electronic components (silver ink) and 
a substrate consisting of a water-soluble polymer matrix (polyethylene oxide (PEO), PVA, 
and gelatin) doped with a pair of gas forming agents (sodium-bicarbonate (NaHCO3) /citric-
acid (C6H8O7)) is demonstrated and studied vs. control devices in the absence of gas forming 
agents. The released gas, and the resultant force, are harnessed to expedite the transiency of 
the device.  
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Findings reported here could be extended to other material systems consisting of 
different matrices and gas forming agents, to enhance selectivity and limit transiency to more 
specific conditions, such as pH, temperature, etc.  
4.2. Experimental 
4.2.1. Materials 
Poly (vinyl alcohol) (PVA) (Mowiol 10–98, MW: 61,000 g.mol-1, 98.0–98.8 mol% 
hydrolyzed), gelatin (gel strength   ̴175 g Bloom, Type A), poly (ethylene oxide) (PEO) (Mv 
400,000), citric acid and sodium bicarbonate were purchased from Sigma-Aldrich (St. Louis, 
MO). Conductive silver ink (Pelco, 187) was purchased from Ted Pella. Ethanol (90%) was 
purchased from BDH Chemicals, PA, US. 
4.2.2. Preparation of Polymer Films 
1 g of PVA and 2 g of gelatin were added to 20 ml of DI water (R ≥ 18.0 MΩ) and 
the solution was stirred at 120 °C for 2 hrs, then casted on plastic mold and dried at ambient 
conditions for 24 hrs. The film was then carefully peeled-off from the mold and crushed into 
powder. For making the base film (control) annotated as GPVA-PEO in Table 1, 0.250 g of 
gelatin-PVA powder was added to 0.250 g of PEO, stirred with 1 ml of ethanol. To make 
samples containing various concentrations of citric acid and sodium bicarbonate, required 
amount of citric acid and sodium bicarbonate were added to the mixture of PVA gelatin 
powder and PEO in alcohol. The mixtures were compacted under 125 KN pressure for 1 
minute. These samples are annotated as 0.1 A, 0.2 A and 0.5 A in Table 1, the number 
represents the additive to base film mass ratio, and A stands for additive.  
4.2.3. Electrically Conductive Patterns 
Conductive silver ink was diluted with acetone (1:1 volume ratio) and sprayed on the 
polymer membranes over a vinyl mask of desired pattern with open area of 25 mm2. Vinyl 
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masks with desired circuit designs were fabricated using a vinyl cutter (US-Cutter, SC series) 
with 25 µm planar resolution and 125 µm repetition accuracy. Film thickness was controlled 
by monitoring the electric conductivity of the sprayed thin-films. 
4.2.4. Transiency 
4.2.4.1. Substrates 
Transiency of the polymer ﬁlms was deﬁned as normalized mass loss and determined 
as the ratio of the ﬁlm’s mass before and after exposure to the trigger, DI water. The 1 × 3 
cm2 pieces of polymer ﬁlms were individually sandwiched in 3 × 4 cm2 aluminum-mesh 
containers. The mesh containers, containing polymer ﬁlms, were submersed in DI water for 
0, 10, 30, 60, 120 and 300 s; then dried in air for 24 h. The mass of the containers and the 
ﬁlms were measured and recorded before and after exposure to DI water to calculate 
transiency (mass loss). All the experiments were repeated three times and results were 
averaged.   
4.2.4.2. Devices 
Transiency of circuits were deduced from measuring resistivity of circuits over 
exposure time to DI water. Circuits were degraded in petri dish filled with DI water; external 
electrodes were isolated from contact with the solution to prevent current flow from the 
electrodes through the solution.  
4.2.5. Mechanical Characterizations 
The tensile properties of the polymer ﬁlms were determined using a dynamic 
mechanical analyzer, (DMA-1, Mettler Toledo), loaded with tension clamps, at static mode. 
Static testing was performed on force controlled mode for a range of 0 – 5 N at a rate of 0.1 
N.min-1. The Elastic modulus (E) and yield stress (Sy) were calculated from the resultant 
64 
force and displacement data. All mechanical characterizations were carried under isothermal 
conditions.  
For strain-electric properties correlations under static load, clamps were insulated by 
tape to prevent short circuit when electrical measurements were taken. 
4.2.6. Infrared Spectroscopy 
Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy 
(Frontier Perkin Elmer) equipped with single reflection ATR attachment with diamond 
crystal was used for this study. Samples in thin-film form were placed directly on the ATR 
crystal. Four scans with a spectral resolution of 4 cm-1 were taken at room temperature for 
each sample. Data were processed by Spectrum 10 software. For each spectrum, an 
interactive baseline correction with respect to the position of 4000 cm-1 was used. 
4.3. Results and Discussion 
4.3.1. Transiency 
4.3.1.1. Substrates 
The composites did not demonstrate any detectable signs of degradation or change in 
properties under ambient condition (average relative humidity of 75% at 22ºC) for 6 months. 
Presented in Table 4.1 is the chemical composition of the samples, and Figure 4.1 
demonstrates the time-dependence dissolution (%) for samples of different composition. The 
results indicate that solubility is highly dependent on the additive concentration, which 
determines the extent of reaction in water. In the presence of water, sodium bicarbonate and 
citric acid undergo a set of endothermic reactions, forming sodium citrate, water and carbon 
dioxide. The resultant carbon dioxide is released in form of small bubbles, exerting 
mechanical force on the structure resulting expedited hybrid transiency of the films. 
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Table 4.1 Sample notations and chemical compositions of the synthesized films 
Notation 
GPVA 
[wt%] 
PEO 
[wt%] 
Sodium 
Bicarbonate 
[wt%] 
Citric Acid 
[wt%] 
GPVA-PEO  25  25  0  0 
0.1 A  25  25  2.5  2.5 
0.2 A  25  25  5  5 
0.5 A  25  25  12.5  12.5 
 
 
Figure 4.1 Time-dependence dissolution of substrates 
In a previous study, we defined transiency threshold as the time at which 63.3 % of 
the original mass of the sample is lost(6). Within 5 minutes of exposure to DI water, the 
GPVA-PEO to 0.2 A films lost ca. 6% to 20% of their original masses, respectively. The 
50% samples, however, reached transiency threshold within 40 s s, which is desirable for 
applications where spontaneous dissolution is preferred. Figure 4.2 demonstrates the 
sequential degradation of a 0.5 A sample upon exposure to DI water, and its complete mass 
loss over 300 s.  
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Figure 4.2 Sequential degradation of 0.5 A substrate 
4.3.1.2. Devices 
The current study is aimed to investigate the effect of additives on the transiency of 
the whole system. For this purpose, identical patterns were fabricated on the GPVA-PEO and 
0.5 A substrates (a schematic of the fabrication process is presented and explained in our 
previous study),(31) and resistance was monitored and recorded as a function of exposure 
time to DI water. Presented in Figure 4.3 are the resistance curves for the GPVA-PEO and 
the 0.5A circuits. The GPVA-PEO sample demonstrates a minor overall resistance increase 
over 85 s (Figure 4.3a), this is in agreement with the slow dissolution rate of the control 
film. The 0.5 A sample however (Figure 4.3b), initiates a significant resistance increase after 
19 s, which indicates spontaneous dissolution of the substrate as a result of undergoing gas 
forming reactions. As observed in Figure 4.3b, transiency of the 0.5 A sample slows down 
after 25 s; this is attributed to the lower concentration of the gas forming agents remained in 
the system. Further reactions and dissolution of the substrate cause lack of mechanical 
support for the circuit, resulting in instability of the device and very high resistance values 
after 85 s. Transiency experiments presented here suggest that transiency rate of the substrate 
is dominating the mechanism of degradation and transiency of the whole device. Degradation 
and transiency rates of the bioelectronic devices can be tuned by controlling transiency of the 
substrate through addition of gas forming agents. 
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Figure 4.3 Transiency of a straight conductive path fabricate on (a) GPVA-PEO substrate 
and (b) 0.5 A substrate are quantified from loss of electrical conductivity when exposed to DI 
water 
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4.3.2. Mechanical characterizations 
The effect of chemical composition on the mechanical properties of samples was 
investigated. Figure 4.4a demonstrates the elastic modulus (E) and yield stress (Sy) for 
samples of different additive contents. The addition of sodium bicarbonate and citric acid 
corresponds to a decrease in both elastic modulus and yield stress, and both values follow 
similar trend. This behavior is anticipated from the low molecular weight of the sodium 
bicarbonate and citric acid (84 and 192 g.mol-1 respectively) compared to that of the 
polymers. The addition of components with smaller molecular weights acts as plasticizer, 
followed by decrease in elastic modulus and yield stress. These observations are in 
agreement with those of a recent study on a similar composition, PVA/sodium-bicarbonate 
(15). Increasing the additive content from 10% to 20% (0.1 A and 0.2 A samples) did not 
result in a significant change in the mechanical properties of the substrates; however, an 
indicative decrease in elastic modulus and yield stress were observed between the 0.2 A and 
0.5 A samples. Such decrease in elastic modulus may facilitate use of these transient 
substrates in flexible and/or stretchable electronics. Figure 4.4b demonstrates characteristic 
stress-strain profile of the samples as a function of gas forming agent content. It is evident 
from the graphs that increasing the sodium bicarbonate and citric acid constituents decreases 
the elastic modulus and yield stress; thus, increases their stretchability.  
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Figure 4.4 (a) elastic modulus (E) and yield stress (Sy) of the substrates (b) Characteristic 
stress-strain behavior of the substrates 
Strain-electrical properties correlations under static load: Resistance of a basic circuit 
consisting basic circuit consisting of a single electrode on the 0.5 A substrate was 
investigated in response to strain resulted from a force of 1-5 N increasing at 0.1 N.min-1 
increments. As demonstrated in Figure 4.5a and b, the resistance and strain were monitored 
and recorded as a function of time, and resistance was reported as a function of strain in 
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Figure 4.5c. Figure 4.5a demonstrates a linear increase in resistance up to 500 s and exhibits 
a non-linear second-order behavior beyond that point until the experiment is concluded at 
1500 s. In Figure 4.5b the resistance remained unchanged for up to 1000 s and increased 
uniformly up to 1200 s, then started an abrupt increase at ca. 1200 s. The unchanged 
resistance values and the abrupt increase at 1200 s result from the low flexibility of the film 
and that of conductive silver ink.  The very small liner elastic region of the substrates was 
demonstrated in Figure 4.5b, and the inelastic behavior of the conductive ink patterns on 
PVA film was studied in our previous work (17). The resistance vs. strain data presented in 
Figure 4.5c confirm unchanged resistance for up to 0.37% strain, followed by a uniform 
increase up to 0.6% strain, and an abrupt increase beyond that. 
4.3.3. Chemical Characterization 
FTIR spectroscopy was used to investigate the interactions within the polymers, and 
between the polymers and the gas forming agents. Figure 4.6a shows the FTIR spectra of a 
GPVA-PEO film, GPVA and PEO. FTIR spectrum of GPVA film showed a broad peak at 
3282 cm-1, which corresponds to the stretching vibrations of hydroxyl groups in PVA (6, 32). 
The peaks at 2961 and 2856 cm-1 in GPVA-PEO film, are assigned to stretching of C-H 
groups in PEO. The band at 1650 cm-1 is a characteristic peak of gelatin and is assigned to 
Amide I (C=O and C–N stretching vibration).(33) The bands at 1467 cm-1 was attributed to 
bending vibrations of C-H groups of PEO coupled with bending vibrations of O-H groups at 
1339 cm-1.(6) The peaks at 1090 and 1058 cm-1 are assigned to stretching of C-O group.(34) 
Figure 4.6b represents the FTIR spectra of GPVA-PEO and 0.5 A films, sodium bicarbonate 
and citric acid. 
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Figure 4.5 (a) Resistance over time upon the applied strain, (b) Strain curve upon the 
applied force from 0-5 N and (c) Resistance over the applied strain 
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The 0.5 A sample exhibited additional peaks to the GPVA-PEO. A shoulder appeared 
at 3283 cm-1 which was attributed to the stretching of carboxylic acid O-H group in citric 
acid. The formation of peak at 1911 cm-1 was assigned to the stretching of C=O group in 
sodium bicarbonate.(32) 
In general, the FTIR spectra did not identify formation of chemical bonds at the 
interface of the polymers, or between the polymers and the gas forming agent. This 
observation confirms that the gas forming agents do not undergo any chemical reaction with 
the matrix materials and maintain their desired chemical properties to trigger transiency once 
needed. 
  
 
 
Figure 4.6 FTIR spectra of (a) GPVA-PEO substrate compared to GPVA and PEO (b) 0.5 A 
substrate compared to GPVA-PEO, sodium bicarbonate and citric acid 
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4.4. Conclusion 
The presented results demonstrate achieving controlled, expedited and active 
transiency in a transient materials system, by initiating gas forming chemical reactions. 
Polymer composites consisting of different ratios of sodium bicarbonate and citric acid as gas 
forming agents, integrated with a water-soluble polymer matrix (polyethylene oxide (PEO), 
PVA, and gelatin), were tested for their dissolution behavior as well as physical and chemical 
properties. While an expedited transiency was proved for samples containing the gas forming 
additives, they also demonstrated sufficient mechanical properties and physical stability to be 
applied as substrates for transient electronics. It was also observed that addition of these 
additives results in higher stretchability, yet lower yield stress for the composites. If 
subjected to mechanical strain greater than ca. 0.35%, the device presented here is vulnerable 
to malfunction due to the electrical variations as a function of strain. Therefore, development 
of linear elastic substrates and conductive patterns appears to be necessary for flexible 
electronics applications. However, the present materials and method, facilitates spontaneous 
dissolution of the devices where it’s required.  
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CHAPTER 5.    MECHANICS OF INTERFACIAL BONDING IN DISSIMILAR 
SOFT TRANSIENT MATERIALS AND ELECTRONICS 
Published in the journal of MRS Advances 1.36 (2016): 2501-2511 
Reihaneh Jamshidi, Yuanfen Chen, Kathryn White, Nicole Moehring, and Reza Montazami 
Abstract 
Soft transient electronics of polymeric substrates and silver-ink electronics are studied 
for correlated mechanical-electrical properties. Experimental and predictive finite element 
analysis are used to understand, explain and predict delamination, cracking, buckling, and 
failure of printed conductive components of such systems. An active transient polymer 
system consisting of poly(vinyl alcohol) and sodium bicarbonate is introduced that results in 
byproducts (alkaline and bubbles) when undergoing transiency. These byproducts are 
facilitated to control and expedite transiency of the electronic components based on 
redispersion of metallic nano/micro materials. Complete mechanical and electrical 
characterization of such systems is reported.   
5.1. Introduction 
Recent advances in design of materials has enabled design and synthesis of transient 
materials and structures capable of maintaining stable mechanical and electrical properties 
for a desired and preset amount of time; and, undergo fast and complete degradation and 
deconstruction once transiency is triggered. Transient devices have several potential uses, 
including those in biomedical devices and military applications. With ever increasing 
demand for wearable gadgets, for personal or medical applications, soft electronics and soft 
complex structures have become more common. There have been substantial research efforts 
focused on soft electronic(1, 2) such as batteries(3) and epidermal electronics(4), ionic 
materials(5-10) and soft actuators(11-14); and considerable studies on transient materials and 
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electronics(15-19). Soft transient electronics is a relatively new field of science and 
technology emerged from combinations of transient materials science and soft electronics 
technology. One major concern with soft transient electronics, however, is the typical 
mismatch in mechanical properties of polymeric substrate and metallic electronic 
components. Such mismatch is very likely to result in failure of the electronic components 
under mechanical strain.  Polymeric substrates coated with metallic conductive inks are 
considered polymer-metal systems. Polymer-metal interactions in majority are rare and thus 
difficult to engineer and control. There have been efforts to elucidate physical and chemical 
features of polymer-metal interactions to gain an understanding of the bonding(20-23) and 
behavior of such systems under stress(14, 24, 25). However, most efforts have been focused 
on polymer-bulk metal interactions rather than metals deposited from solution such as 
metallic inks(26, 27). Polymers typically have low surface tension, which is a hindering 
factor for formation of bonds (28, 29). Polymer surface modification through chemical 
reactions (30-32) and plasma treatment (33-38) have been studied and reported to improve 
polymer-metal bonding. An area of exploration pursued by few researchers involves placing 
a circuit on a pre-strained, elastomer substrate (39-42). The conductive, connecting paths 
may take form in a number of shapes from a straight to wavy/serpentine and zigzagged.  
Positive results are reported from this process, noting increased stretchability of the 
connecting, conductive paths with little change in resistance.  
 Initial studies on transient electronics were focused on passive transiency where the 
substrate and electronics (organic or inorganic) both undergo chemical reactions (typically 
hydration) with the solvent (typically water or phosphate buffered saline (PBS)) and dissolve 
over time.(43, 44) Two major concerns with such systems are 1) slow dissolution of metals, 
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and 2) very limited domain of soluble metals. Previously we have introduced transient 
electronic systems based on redispersion of particulate electronic components (45), this 
approach provides new opportunities for inclusion of non-soluble metals in design of 
transient electronics. Solvent-triggered transiency is very common and strongly dependent on 
chemical and physical interactions between the solvent and the device, as well as those 
within the device itself, among its constituent components. Such interactions can be utilized 
as a means to program and control the mechanics and extent of transiency in complex 
transient electronics. We have investigated transiency dependence on substrate(25) and 
electronic components(24); mechanics of transiency of prototypical transient circuits have 
demonstrated strong dependence on the transiency characteristics of the substrate. To 
overcome slow transiency rate of metals, integration of active transiency approach is 
suggested. Active transient materials undergo multiple interactions with the solvent and 
produce byproducts that facilitate dissolution and/or re-dispersion of materials. 
In this work, we have studied mechanical-electrical correlations in pre-strained 
flexible electronics and have quantified the effect of pre-straining on the lifespan and failure 
of such systems. We have developed a predictive finite element analysis (FEA) model to 
understand stress distribution throughout soft electronics, and to predict location, extent and 
probability of delamination, buckling, cracking and crack penetration in such systems. We 
have also designed, implemented, and fully characterized a material system that exhibits 
active transiency by undergoing secondary reactions in acidic solvents. This system produces 
micro-bubbles when triggered, bubbles expedite transiency of the system by facilitating 
redispersion of conductive materials. 
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5.2. Experimental  
 
All materials were used as received, solutions were prepared fresh for each set of 
experiments. Experimental results are an average of multiple (at least three) trials. 
5.2.1. Substrates 
Polydimethylsiloxane (PDMS) elastomer kit (Sylgard 184) was obtained from Dow 
Corning and used according to curing and casting guidelines provided by the manufacturer. 
Briefly, the elastomer and crosslinker were mixed at 10:1 ratio and stirred vigorously. The 
mixture was then poured into the casting molds and left undisturbed for 30 minutes to degas 
completely. Molds were then heated at 85 °C for 20 minutes to fully crosslink. The cured 
PDMS films of 0.6 mm thickness were then peeled off and cut into strips of desired 
dimensions. 
Transient films were prepared by dissolving 1 g of Poly (vinyl alcohol) (PVA) (Mw: 
61,000 g mol−1, 98.0–98.8 mol% hydrolyzed) (Sigma Aldrich) in 20 ml of DI water; and 
adding various amounts (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 g) of sodium bicarbonate 
(NaHCO3) (SBC) to obtain desired concentrations. The mixture was then stirred at 140 °C 
for 3 hours, cooled to room temperature, and then casted into molds and let dry over 48 
hours. The dried PVA-SBC films of approximately 100 µm thickness were then carefully 
peeled off of the molds, stored under dry environment, and cut into desired dimensions upon 
use.   
5.2.2. Conductive ink 
Fast drying silver paint (Ted Pella) and acetone were mixed at 1:1 ratio. The 
dispersion was then shaken on a vortex for several hours to obtain a uniformly dispersed 
conductive ink.    
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5.2.3. Pre-straining 
The PDMS films were mounted on two micro-positioners using in-house made clips. 
The micro-positioners were initially 4 inches apart. Straining was obtained by precisely 
changing the distance between the micro-positioners.  
5.2.4. Conductive paths 
To fabricate conductive paths on the substrates, conductive ink was doctor bladed 
over a 70 μm thick vinyl stencil mask of desired pattern attached to the substrate. The mask 
was removed before the ink fully dries. Resulted conductive patterns also measured to have 
the same 70 μm thickness as the mask.  
5.2.5. Transiency 
Transiency of the films was measured by placing each sample inside an aluminum-
mesh enclosure, and submerging it into a water-diluted HCl solution for 30, 180, 300, and 
600 s. The mass ratio of the films before and after submersion were measured and recorded 
to determine the extent of transiency. Accounting for solvent intake, to accurately measure 
the mass of the films after submersion, they were left to dry for a minimum of 24 hours prior 
to weighting. 
5.2.6. Mechanical and Electrical characterization 
Mechanical properties of all samples were measured, monitored and recorded using a 
dynamic mechanical analyzer (Mettler Toledo, DMA-1) in tensile testing mode. To study 
electrical properties, clamps were modified and isolated from electrical contact with the 
conductive paths on the samples to prevent short-circuit and instrument error. Electrical 
properties were monitored and recorded through a potentiostat (Princeton Applied Research, 
VersaSTAT 4) equipped with low amp module. 
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5.2.7. Imaging and microscopy 
Imaging was conducted using a benchtop scanning electron microscopy (Joel. JCM-
6000 NeoScope) and a handheld high-magnification digital microscope (Dino-lite, 5MP 
Premier 400×). 
5.3. Results and Discussion   
5.3.1. Strain dependence of electrical properties 
Mismatch in mechanical properties of the polymeric membrane and inorganic 
conductive paths results in fracture or delamination of the conductive paths which 
consequently causes the flexible device to fail after few or several mechanical cycles. In our 
previous work (45) we have investigated limitations posed by this issue. In the current study 
we have further investigated the delamination concept and have quantified some of the 
factors that hinder performance of flexible devices. In this particular study we have used 
PDMS membranes as the substrate instead of our usual PVA-based membranes. This 
selection of materials is mainly due to the high elasticity of PDMS that allows testing of the 
extreme mechanical conditions. PVA, on the other hand, is used for transiency-oriented 
studies.  
Straining a stretchable device (substrate and conductive paths) results in formation of 
micro cracks, some of which are recovered upon removal of stress (45); one approach to 
minimize formation of cracks is to deposit electronic components on pre-strained substrates. 
This approach has some limitations and drawbacks that we have studied in this work. The 
major drawback is delamination of the conductive structures and formation of buckles. 
Presented in Figure 5.1 are optical and SEM micrographs of buckled and delaminated 
conductive structures deposited on PDMS substrates. 
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Figure 5.1 Left: Optical digital microscope image of an extreme case of buckling. Right: 
Scanning electron microscopy image of delamination resulting from 5% pre-straining.  
Buckles are likely to form along the printed conductive paths because the silver-ink 
does not adhere strongly to the PDMS surface. As compressive forces are applied to the 
conductive path (removal of pre-strain) delamination occurs and buckles form. The 
amplitude of these buckles depends on the extent of pre-straining; average height of 
delamination vs. pre-straining is shown in Figure 5.2. When pre-straining is small, the 
resulting buckles have small amplitudes and smooth undulation.  These buckles remain fairly 
uniform, occurring solely at the peaks and troughs of the conductive path until pre-straining 
reaches 20%. At this threshold, the buckles gather height and become less uniform.  Since the 
magnitude of the compression force increases when the PDMS is pre-strained more, more 
substrate delamination occurs. 
The portions of the printed silver-ink between the peaks of the arcs begin to 
delaminate as well, creating wider and taller buckles.  Therefore, there is a direct correlation 
between the extent of pre-straining and the height of the buckles.  The more the substrate is 
pre-strained, the greater the compression force on the conductive patterns and the greater the 
average buckle height are. 
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Figure 5.2 Extent of delamination is directly related to the extent of pre-straining. Buckles 
become less uniform on substrates pre-strained beyond 20%. 
Micro-cracking of the conductive path arises from a buildup of stress in a localized 
area and typically only occur when the substrate is strained past its pre-strained length. When 
the PDMS substrate is strained to a threshold length at which the micro-cracks penetrate 
across the printed silver-ink pattern and prevent electrical conductivity, the resistance of the 
system becomes infinite. This threshold length is the same as pre-straining extent for samples 
pre-strained beyond 5%. Electrical properties were monitored for pre-strained samples and 
were used as a means to determine and quantify failure. For samples pre-strained by 0% and 
5%, conductivity remains for few millimeters beyond the pre-strained length (4% and 2% 
respectively); this phenomenon may be due to the presence of less initial stress in the system. 
The conductive patterns withstand repeated mechanical cycling between strained and relaxed 
states within this threshold range and maintain a constant electrical conductivity. Number of 
cycles before failure of the system decreases as the pre-straining is increased, mainly due to 
the higher stress experienced in each cycle. Correlation between pre-straining and cycling is 
demonstrated in Figure 5.3. 
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Figure 5.3 Pre-strained systems are more vulnerable to mechanical cycling. Each sample 
was cycled to its pre-strained strain until the electrical conductivity was spiked to infinite.  
5.3.2. Predictive FEA modeling 
5.3.2.1. Stress distribution and delamination 
To better understand and study delamination and buckling in flexible electronic 
systems, an FEA model was developed and used to predict stress distribution and 
delamination throughout the structure. A cohesive contact was assumed to form between the 
substrate and the printed electronic component that results in formation of an elastic layer 
between the two. The elastic layer is very thin compared to the substrate and conductive 
pattern. The thickness of the printed electronic component, in form of a spherical cap, is 
assumed to be 3 m in this model; the thickness of the thin elastic layer is assumed to be 3 
nm. The elastic modulus of the thin elastic layer is usually some value between the elastic 
moduli of the substrate and the printed ink and was estimated, based on preliminary 
measurements, to be 0.1 GPa. Presented in Figure 5.4 is the FEA modeling of stress 
distribution throughout a typical structure, a membrane and a conductive-ink spot. 
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Figure 5.4 Stress distribution (MPa) through the substrate and printed pattern. 
Delamination of conductive paths from the substrate was calculated through 
analytical and numerical modeling, based on the stress distribution throughout the system. 
Presented in Figure 5.5 is the simulation of delamination at the very edge of a conductive 
spot on the substrate. Mechanical characteristics of substrate and conductive coating were 
deduced from experiment and used in development of the FEA model. 
 
Figure 5.5 Simulated delamination at the edge of a conductive spot. Stress distribution (top) 
is matched with the extent of delamination (bottom). Node numbers correspond to the mesh 
at the edge of the model. 
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5.3.2.2. Cracking 
Polymer thin-films have several nano/micro defects that can influence stress gradient 
through the thin-film. These defects influence and initiate crack formation throughout the 
conductive patterns. Considering particulate structure of conductive patterns which are 
deposited from conductive inks, cracks initiated at these defects can somewhat easily 
penetrate throughout the conductive structure. Analysis of such structures, using optical 
imaging (Figure 5.6a) and image processing (Figure 6b-c), we have modeled stress 
accumulation on the conductive film. As shown in Figure 6d the stress accumulates around 
the defects which consequently initiates cracks and results in transiency of the conductive 
film. Size of defect is a defining factor on whether or not the defect results in a crack; and, 
the size of resultant pieces after crack penetration. 
 
Figure 5.6 a) Original and b-c) processed images of defects through a polymer thin-film; d) 
stress around the defect points is increased significantly. Only stress above 0.35 MPa is 
shown in the simulation 
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5.3.3. Active Transiency 
Material systems with active transiency mechanism were designed and implemented. 
The most basic form of transiency, passive transiency, is based on direct chemical 
interactions between the transient system and the solvent. Active transiency mechanism, 
however, takes advantage of a more complex transiency approach in which the basic system-
solvent interactions result in byproducts which are effective in controlling and expediting the 
transiency rate. In this work we have designed a materials system which results in an alkaline 
environment upon transiency. The basic environment could help control transiency of the 
electronic components of the system. The silver-ink used in this study contains nano/micro-
silver particles held together by a polymer resin. The transiency of such system is mainly 
based on redispersion of the nano/micro-materials and dissolution of the resin. We have 
discussed this multistep transiency in our recent studies. (24, 45) 
PVA-SBC substrates of varying compositions with silver-ink patters printed on them 
were studied for their transiency behavior. Inclusion of SBC in the composite enables a 
secondary set of reactions between the solvent and substrate that mainly result in bubbling of 
the substrate while decomposing. The bubble formation is extremely helpful with transiency 
of the silver-ink component. Moreover, integration of SBC filler into PVA matrix results in a 
general decrease in the films’ elastic moduli. Presented in Figure 5.7 is the influence of the 
SBC content on overall elastic moduli of the substrates. It was observed that the elastic 
modulus decreases with SBC concentration up to approximately 30%. For concentrations 
above 30% the elastic modulus tends to increase.    
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Figure 5.7 Elastic moduli of PVA-SBC films are inversely proportional to the concentration 
of SBC up to 30%, above which the correlation becomes directly proportional 
To study active transiency on PVA-SBC systems, they were submerged in diluted 
solution of hydrochloric acid for an allotted time period as noted in the experimental section 
above. Upon submersion, the films underwent rapid degradation and significant dissolution 
within a 600-second time period. Increasing SBC concentration to up to 20% substantially 
increased the rate and extent of transiency. Samples with 10 and 20% of SBC exhibited a 
transiency time constant of 470 s that is significantly faster than the 0% control sample with 
time constant of 530 s. Other samples either did not reach the transiency threshold(25) of 
63.2% within the 600 s or reached it at time constants close to 600 s. Both 10 and 20% 
samples reached 82% transiency in 600 s, when the control reached 76% and all other 
samples reached below 75%. Analysis of transiency data suggests that 1) active transiency 
mechanism is proven effective, and 2) the optimum concentration of SBC filler in PVA 
matrix is 10-20% which provides faster transiency and low elastic modulus; both of which 
are desirable in most flexible, stretchable, and transient electronics. Figure 5.8 depicts a 
demo of a PVA-SBC 10% system dissolved in a water-diluted hydrochloric acid solution. It 
can be seen in the figure, that the rate of degradation of the circuit is dependent on the 
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degradation of the substrate. The circuit does not begin to break apart until the substrate 
begins to bubble and swell. 
 
Figure 5.8 PVA-SBC 10% film reached 82% transiency in a water-diluted hydrochloric acid 
solution in 600 s. Bubbling of the film is evident in the two middle images.  
5.4. Conclusions  
In the present work we have studied mechanical and electrical properties of soft 
transient electronics. Correlations between mechanical strain, electrical properties, and 
failure of soft electronics is studied in detail when electronic components are fabricated on 
pre-strained substrates, with attention to mechanical cycling and extent of pre-straining. 
Predictive FEA model was used to predict stress distribution and delamination in such 
systems. Active transiency of such systems is investigated using a polymer composite that 
exhibits secondary reactions (bubbling and change of pH) when undergoing transiency. The 
secondary reaction was designed to facilitate redispersion of metal nano/micro-particles in 
the silver conductive ink. It was concluded that a PVA-SBC circuit with silver-ink 
electronics containing 10-20% SBC exhibits fastest (time constant of 470 s) and most 
extensive (82%) transiency. 
91 
References 
1. Yang J, Ghobadian S, Goodrich PJ, Montazami R, Hashemi N. Miniaturized 
Biological and Electrochemical Fuel Cells: Challenges and Applications. Physical Chemistry 
Chemical Physics. 2013;15:14147-61. 
2. Son D, Lee J, Qiao S, Ghaffari R, Kim J, Lee JE, et al. Multifunctional wearable 
devices for diagnosis and therapy of movement disorders. Nature Nanotechnology. 
2014;9(5):397-404. 
3. Zhang R, Chen Y, Montazami R. Ionic Liquid-Doped Gel Polymer Electrolyte for 
Flexible Lithium-Ion Polymer Batteries. Materials. 2015;8(5):2735-48. 
4. Kim D-H, Lu N, Ma R, Kim Y-S, Kim R-H, Wang S, et al. Epidermal electronics. 
Science. 2011;333(6044):838-43. 
5. Liu S, Montazami R, Liu Y, Jain V, Lin M, Heflin JR, et al. Layer-by-layer self-
assembled conductor network composites in ionic polymer metal composite actuators with 
high strain response. Applied Physics Letters. 2009;95(2):023505. 
6. Liu Y, Liu S, Lin J, Wang D, Jain V, Montazami R, et al. Ion transport and storage of 
ionic liquids in ionic polymer conductor network composites. APPLIED PHYSICS 
LETTERS. 2010;96(22):223503. 
7. Liu Y, Zhao R, Ghaffari M, Lin J, Liu S, Cebeci H, et al. Equivalent circuit modeling 
of ionomer and ionic polymer conductive network composite actuators containing ionic 
liquids. Sensors and Actuators A: Physical. 2012;181:70-6. 
8. Hong W, Almomani A, Montazami R. Influence of ionic liquid concentration on the 
electromechanical performance of ionic electroactive polymer actuators. Organic Electronics. 
2014;15(11):2982-7. 
9. Hong W, Meis C, Heflin JR, Montazami R. Evidence of counterion migration in ionic 
polymer actuators via investigation of electromechanical performance. Sensors and Actuators 
B: Chemical. 2014;205(0):371-6. 
10. Amiri Moghadam AA, Hong W, Kouzani A, Kaynak A, Zamani R, Montazami R. 
Nonlinear dynamic modeling of ionic polymer conductive network composite actuators using 
rigid finite element method. Sensors and Actuators A: Physical. 2014;217(0):168-82. 
11. Liu S, Montazami R, Liu Y, Jain V, Lin M, Zhou X, et al. Influence of the conductor 
network composites on the electromechanical performance of ionic polymer conductor 
network composite actuators. Sensors and Actuators A: Physical. 2010;157(2):267-75. 
12. Montazami R, Liu S, Liu Y, Wang D, Zhang Q, Heflin JR. Thickness dependence of 
curvature, strain, and response time in ionic electroactive polymer actuators fabricated via 
layer-by-layer assembly. JOURNAL OF APPLIED PHYSICS. 2011;109(10):104301. 
92 
13. Montazami R, Wang D, Heflin JR. Influence of conductive network composite 
structure on the electromechanical performance of ionic electroactive polymer actuators. 
International Journal of Smart and Nano Materials. 2012;3(3):204-13. 
14. Meis C, Hashemi N, Montazami R. Investigation of spray-coated silver-microparticle 
electrodes for ionic electroactive polymer actuators. Journal of Applied  Physics. 
2014;115(13):134302. 
15. Hwang SW, Song JK, Huang X, Cheng H, Kang SK, Kim BH, et al. High‐
Performance Biodegradable/Transient Electronics on Biodegradable Polymers. Advanced 
Materials. 2014;26(23):3905-11. 
16. Hernandez HL, Kang S-K, Lee OP, Hwang S-W, Kaitz JA, Inci B, et al. Triggered 
Transience of Metastable Poly(phthalaldehyde) for Transient Electronics. Advanced 
Materials. 2014;26(45):7637-42. 
17. Huang X, Liu Y, Hwang SW, Kang SK, Patnaik D, Cortes JF, et al. Biodegradable 
materials for multilayer transient printed circuit boards. Advanced Materials. 
2014;26(43):7371-7. 
18. Hwang SW, Tao H, Kim DH, Cheng H, Song JK, Rill E, et al. A physically transient 
form of silicon electronics. Science. 2012;337(6102):1640-4. 
19. Acar H, Banerjee S, Shi H, Jamshidi R, Hashemi N, Cho MW, et al. Transient 
Biocompatible Polymeric Platforms for Long-Term Controlled Release of Therapeutic 
Proteins and Vaccines. Materials. 2016;9(5):321. 
20. Ho P, Hahn P, Bartha J, Rubloff G, LeGoues F, Silverman, et al. Chemical bonding 
and reaction at metal/polymer interfaces. Journal of Vacuum Science & Technology A. 
1985;3(3):739-45. 
21. Grundmeier G, Stratmann M. Adhesion and de-adhesion mechanisms at 
polymer/metal interfaces: mechanistic understanding based on in situ studies of buried 
interfaces. Annu Rev Mater Res. 2005;35:571-615. 
22. Hwang J, Wan A, Kahn A. Energetics of metal–organic interfaces: new experiments 
and assessment of the field. Materials Science and Engineering: R: Reports. 2009;64(1):1-31. 
23. Bebensee F, Schmid M, Steinrück H-P, Campbell CT, Gottfried JM. Toward well-
defined metal− polymer interfaces: temperature-controlled suppression of subsurface 
diffusion and reaction at the calcium/poly (3-hexylthiophene) interface. Journal of the 
American Chemical Society. 2010;132(35):12163-5. 
24. Çınar S, Jamshidi R, Chen Y, Hashemi N, Montazami R. Study of mechanics of 
physically transient electronics: A step toward controlled transiency. Journal of Polymer 
Science Part B: Polymer Physics. 2016;54(4):517-24. 
93 
25. Acar H, Çınar S, Thunga M, Kessler MR, Hashemi N, Montazami R. Study of 
physically transient insulating materials as a potential platform for transient electronics and 
bioelectronics. Advanced Functional Materials. 2014;24(26):4135-43. 
26. Bai Z, Lin H, Imakita K, Montazami R, Fujii M, Hashemi N. Synthesis of Er3+/Yb3+ 
codoped NaMnF3 nanocubes with single-band red upconversion luminescence. RSC 
Advances. 2014;4(106):61891-7. 
27. Bai Z, Lin H, Johnson J, Gui SCR, Imakita K, Montazami R, et al. The single-band 
red upconversion luminescence from morphology and size controllable Er 3+/Yb 3+ doped 
MnF 2 nanostructures. Journal of Materials Chemistry C. 2014;2:1736-41. 
28. Lee L-H. Fundamentals of adhesion: Springer Science & Business Media; 2013. 
29. Escaig B. Binding metals to polymers. A short review of basic physical mechanisms. 
Le Journal de Physique IV. 1993;3(C7):C7-753-C7-61. 
30. Somorjai GA, Li Y. Introduction to surface chemistry and catalysis: John Wiley & 
Sons; 2010. 
31. Goddard JM, Hotchkiss J. Polymer surface modification for the attachment of 
bioactive compounds. Progress in polymer science. 2007;32(7):698-725. 
32. Furukawa H, Cordova KE, O’Keeffe M, Yaghi OM. The chemistry and applications 
of metal-organic frameworks. Science. 2013;341(6149):1230444. 
33. Chan C-M, Ko T-M, Hiraoka H. Polymer surface modification by plasmas and 
photons. Surface science reports. 1996;24(1):1-54. 
34. Romero MA, Chabert B, Domard A. IR spectroscopy approach for the study of 
interactions between an oxidized aluminium surface and a poly(propylene-g-acrylic acid) 
film. Journal of Applied Polymer Science. 1993;47(3):543-54. 
35. Flamm DL, Auciello O, d'Agostino R. Plasma deposition, treatment, and etching of 
polymers: the treatment and etching of polymers: Elsevier; 2012. 
36. Zhuang L, Jiang K, Zhang G, Tang J, Sun R, Lee S, editors. O 2 plasma treatment in 
polymer insulation process for through silicon vias. Electronic Packaging Technology 
(ICEPT), 2014 15th International Conference on; 2014: IEEE. 
37. Inagaki N, Tasaka S, Hibi K. Surface modification of Kapton film by plasma 
treatments. Journal of Polymer Science Part A: Polymer Chemistry. 1992;30(7):1425-31. 
38. Egitto FD, Matienzo LJ. Plasma modification of polymer surfaces for adhesion 
improvement. IBM Journal of Research and Development. 1994;38(4):423-39. 
94 
39. Zhang Y, Wang S, Li X, Fan JA, Xu S, Song YM, et al. Experimental and theoretical 
studies of serpentine microstructures bonded to prestrained elastomers for stretchable 
electronics. Advanced Functional Materials. 2014;24(14):2028-37. 
40. Lacour SP, Wagner S, Huang Z, Suo Z. Stretchable gold conductors on elastomeric 
substrates. Applied physics letters. 2003;82(15):2404-6. 
41. Lacour SP, Jones J, Suo Z, Wagner S. Design and performance of thin metal film 
interconnects for skin-like electronic circuits. Electron Device Letters, IEEE. 
2004;25(4):179-81. 
42. Rogers JA, Someya T, Huang Y. Materials and mechanics for stretchable electronics. 
Science. 2010;327(5973):1603-7. 
43. Hwang S-W, Park G, Edwards C, Corbin EA, Kang S-K, Cheng H, et al. Dissolution 
Chemistry and Biocompatibility of Single-Crystalline Silicon Nanomembranes and 
Associated Materials for Transient Electronics. ACS Nano. 2014;8(6):5843-51. 
44. Kang S-K, Hwang S-W, Cheng H, Yu S, Kim BH, Kim J-H, et al. Dissolution 
Behaviors and Applications of Silicon Oxides and Nitrides in Transient Electronics. 
Advanced Functional Materials. 2014;24(28):4427-34. 
45. Jamshidi R, Çinar S, Chen Y, Hashemi N, Montazami R. Transient bioelectronics: 
Electronic properties of silver microparticle-based circuits on polymeric substrates subjected 
to mechanical load. Journal of Polymer Science Part B: Polymer Physics. 2015;53(22):1603-
10. 
 
 
95 
CHAPTER 6.    PHYSICAL-CHEMICAL HYBRID TRANSIENCY: A FULLY 
TRANSIENT LI-ION BATTERY BASED ON INSOLUBLE ACTIVE MATERIALS 
Published in journal of Polymer Science Part B: Polymer Physics 54.20 (2016): 2021-2027 
Yuanfen Chen, Reihaneh Jamshidi, Kathryn White, Simge Çınar, Emma Gallegos, Nastaran 
Hashemi, Reza Montazami 
Abstract 
Transient Li-ion battery based on polymeric constituents is presented, exhibiting two-
fold increase in the potential and approximately three orders of magnitude faster transiency 
rate compare to other transient systems reported in the literature. The battery takes advantage 
of a close variation of the active materials used in conventional Li-ion batteries and can 
achieve and maintain a potential of >2.5 V. All materials are deposited form polymer-based 
emulsions and the transiency is achieved through a hybrid approach of redispersion of 
insoluble, and dissolution of soluble components in approximately 30 minutes. The presented 
proof of concept has paramount potentials in military and hardware security applications.  
6.1. Introduction 
Unlike conventional electronics that are designed to last for extensive periods of time, 
a key and unique attribute of transient electronics is to operate over a typically short and 
well-defined period; and undergo fast and, ideally, complete self-deconstruction and vanish 
when transiency is triggered. Transient electronics have a wide range of potential 
applications including those in healthcare, biomedical devices, environmental 
sensing/monitoring, green electronics, military and homeland security, to name a few 
examples. In the very recent years, researchers have developed a wide range of transient 
electronic devices capable of performing a variety of functions and responsive to a variety of 
triggering mechanisms including exposure to light,(1) heat(2) or solvent (often aqueous).(3-
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7) What is common among all these reported transient devices is the need for an external 
power source. The power is either supplied by inducting coils from a very close distance,(8) 
or from external power supplies.(2) To realize autonomous transient electronic devices, 
similar to conventional ones, a transient battery is essential. Thus far, there has been limited 
efforts in design and construction of transient batteries, mainly due to the lack of soluble 
proper materials. Jimbo et al. reported swallowable batteries based on Zn and Pt electrodes 
and ceramic porous separator; maximum potential of 0.42 V and current of 2.41 mA were 
achieved.(9) More recently Kim et al. reported edible water activated sodium batteries based 
on melanin electrodes where a potential of 0.6-1.06 V and current of 5-20 μA, depending on 
design, was achieved.(10, 11) An intrinsically transient battery capable of environmental 
resorption was first reported by Yin et al. where Mg anode and biodegradable metals (Fe, W 
or Mo) cathodes were used with a transient polymer casing; potentials ranging from 0.45 V 
to 0.75 V (depending on cathode materials) were reported.(12) To date, all reported transient 
batteries have shortcomings compare to their conventional counterparts; uncompetitive 
potential, current, stability and shelf life are among the top challenges in construction of a 
practical transient battery that can supply enough power to run a common electric circuit. 
The low potential and power density in transient batteries are mainly due to the use of non-
optimal electrode materials because of their solubility. One other significantly important 
limitations of transient batteries reported to date is low transiency rate, which is a result of 
slow chemical reactions between the constituent materials and the solvent. High transiency 
rates are specially anticipated in military and hardware security applications.  
To design a transient battery capable of supplying enough power and undergoing fast 
transiency, new approaches toward the materials and structural design are necessary. 
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Lithium-ion battery technology is a well-established, mature and commercialized 
technology; here, we are integrating a variation of this technology with our new approach 
toward transient electronics, which is ultimately based on a hybrid approach of physical 
redispersion of insoluble materials, and chemical dissolution of soluble ones. In our previous 
studies, we have reported electrical(13) and mechanical(14) properties of such hybrid 
systems. The transient primary Li-ion batteries we report here incorporate this technology 
and are consist of electrodes comprise of active materials similar to those in conventional Li-
ion batteries while swelling force of the substrate/casing materials is utilized to introduce 
transiency through fragmentation and redispersion of the active materials. 
6.2. Experimental 
6.2.1. Materials 
 Polyvinyl alcohol (PVA) (Mw: 61,000 g mol−1, 98.0–98.8 % hydrolyzed), sucrose, 
lithium hexafluorophosphate (LiPF6), ethylene carbonate (EC) and dimethyl carbonate 
(DMC) were purchased form Sigma Aldrich (Sigma Aldrich, MO, USA) and used as 
received. LiCoO2, (LCO) powder, Li4Ti5O12 (LTO) powder and carbon black were purchased 
from MTI (MTI Corporation, CA, USA) and used as received. Commercially available short 
fiber cellulose based tissue was used as separator. Silver paint was purchased form Ted Pella 
(Ted Pella, inc. CA, USA) and diluted with acetone (1:1 vol).  
6.2.2. Substrate 
 1.0 g PVA, 0.1 g sucrose, and 50 µL of 1 M aqueous HCl solution were added to 20 
mL of DI water. The solution was stirred at 70°C for 4 hours, then cooled down to room 
temperature and stirred for 2 additional hours. The clear solution was then casted onto a 
plastic mold (with14 mm × 1.2 mm × 0.1 mm grooves for current leads) and dried at ambient 
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conditions for 24 hours. The dried PVA film was peeled off of the mold carefully and used as 
the substrate for cathode and anode.  
6.2.3. Active Materials 
 To prepare Cathode active material 1.0 g PVA was dissolved in 20 mL DI water and 
stirred at 70°C for 4 hours. 5.15 g LCO powder and 1.0 g carbon black were added to the 
PVA solution and stirred for 2 hours to get uniform emulsion. Anode active material was 
prepared in the same manner with the exact same ratios and procedure as cathode, where 
LCO was substitute by LTO 
6.2.4. Current leads 
1 g PVA was dissolved in 20 mL DI water as described above, carbon black was 
added at 3:2 wt. ratio (3 carbon black) and stirred for 2 hours to obtain a uniform emulsion. 
Silver paint was diluted with acetone (1:1 vol. ratio). Current lead at anode was fabricated by 
spraying 60 μm thick layer of silver in the groove of PVA substrate; then, an approximately 
50 μm thick layer of carbon black-PVA emulsion was spray coated on top of the silver layer 
at slightly wider (~ 500 μm) area to cover the silver coating. Stencils were used at both steps. 
Current lead at cathode was fabricated by spraying a 110 μm thick layer of carbon black-
PVA emulsion through a stencil in the groove of PVA substrate.  
6.2.5. Electrodes 
 ~25 μm thick layers of anode and cathode active materials were spray coated through 
stencils over the current leads on PVA substrates to form the electrodes. The areas covered 
by active materials were smaller than the substrate area to allow PVA edge for packing.  
6.2.6. Packaging 
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 Cathode, anode and cellulose-based porous membrane were brought together to form 
a stack. Uncoated edges of PVA substrates were dampened slightly to bond and seal the stack 
to form a battery cell. 
6.2.7. Electrolyte 
1 M solution of LiPF6 in 1:1 mixture of EC:DMC was used as the electrolyte. 
Electrolyte (25 μL) was injected into the packed battery cell by a syringe and pierced area 
was sealed. All steps involving electrolyte were carried out in a glovebox under nitrogen 
environment. 
6.2.8. Electrochemical testing 
The electrochemical testing and impedance measurements were carried out on a 
VersaSTAT-4 potentiostat (Princeton Applied Research). The battery was charged and 
discharged at 2.7 V and 1.0 V, respectively, and discharge current densities of 10, 20 and 50 
μA.cm-2. The internal resistance of the battery cell was measured at frequencies between 
1.0E5 Hz and 0.1 Hz and a potential difference (ΔV) of 10 mV. The Z-view software was 
used to obtain the equivalent electric circuit and fit experimental data.  
6.3. Results 
6.3.1. Transiency of Single Electrode 
Due to its ease of control over transiency rate and fabrication, PVA and PVA 
composites were used as binder, substrate and casing materials. Abundance of hydroxyl 
groups in PVA allows high equilibrium swelling indices, up to 153% in water.(15) Hydration 
of PVA results in disentanglement of polymer chains and leads to swelling of the polymer 
membrane (Error! Reference source not found.a). In PVA-sucrose composites, presence of f
ast-dissolving sucrose expedites the process by opening up voids in the structure that enhance 
penetration of water. Subsequently, PVA chains are eventually solvated and the membrane 
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dissolves in the solvent. Lithium cobalt oxide, LiCoO2, (LCO) and Li4Ti5O12 (LTO) were 
used as the ultimate cathode and anode active materials, respectively. Cathode and anode half 
reactions(16) are shown in Figure 1b. PVA and carbon black were used as binder and filler in 
LCO and LTO to form water-deconstructible nanostructures. Presence of PVA and carbon 
black in LCO and LTO increases uniformity of the electrodes while also enhancing 
redispersion of the materials when triggered; on the other hand, efficiency of the electrodes 
drops due to the lack of electron conductivity in PVA. Active materials (LCO/LTO-PVA-
carbon black aqueous emulsion) were deposited via spray coating over a stencil mask.  
Systematic studies of electrode components revealed that the thickness of active materials 
coating is the defining factor on whether or not the electrode fully disintegrates, where no 
dependence on the thickness of the PVA-sucrose substrate was observed. Cathode electrodes 
with active materials area densities ranging from 1 mg.cm-2 to 2.5 mg.cm-2 (categorized in 
three groups: 1) 1.2±0.1, 2) 1.6±0.1 and 3) 2.3±0.2 mg.cm-2) were fabricated on PVA:sucrose 
(10:1 wt. ratio) substrates of thicknesses ranging from 30 μm to 80 μm (categorized in six 
groups, 10 μm increments). PVA at this particular composition was selected for its fast and 
controllable transience rate based on our previous work.(17) Regardless of the thickness of 
substrate, when exposed to the solvent, electrodes with active materials’ area densities of 1.5 
mg.cm-2 or higher only curled and/or swelled but did not disintegrate nor exhibit transiency 
(Figure 1c and d). For active materials area densities of 1.3 mg.cm-2 or lower (group 1), the 
electrodes swelled and the swelling force was large enough to fragment and deconstruct the 
whole electrode, regardless of the thickness of the substrate. Fragment average area (average 
size of fragments due to crack propagation) was smaller for electrodes with smaller active 
materials area density, see Table 6.1.  As the solvent molecules penetrate through the 
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substrate, swelling force is generated and increased to a point large enough to physically 
break the active materials layer (Figure 6.1e)(14). Swelling of PVA and the associated force 
which breaks the active materials into pieces are essential to the transiency of the electrode. 
After initial swelling, the substrate is eventually dissolved and resorbed into the aqueous 
environment; subsequently, PVA binder in the remaining pieces of the active materials also 
dissolves which enhances redispersion and transiency of the active materials in the solvent 
(Figure 6.1f). Summarized in Table 6.1 are the experimental data collected and outcomes for 
variety of cathodes structures. Results revealed that electrodes with small area density are 
essential for construction of a transient battery. Similar study on anodes resulted in 
comparable conclusions. 
Table 6.1 Transiency test on samples with varying area density of the active materials 
Area Density of Active Materials      
mg.cm-2 
 1.2±0.1  1.6±0.1  2.3±0.2 
Fragment Average Area  ~0.77 mm
2 ~1.82mm2 ~4.4 mm2 
Electrode-Substrate Delamination Yes No No 
Outcome  Transiency Sample curled Sample curled 
6.3.2. Transiency of Battery Cells 
Single cell batteries were constructed by fabrication of current leads and active 
materials on PVA-based substrates; substrates were featured by grooves to hold current 
leads. A cellulose-based porous membrane (short fibers thus water decomposable) was used 
as the separator and electrolyte holder between the electrodes; and, battery was formed and 
sealed by attaching the uncoated margins of the PVA-based electrodes together. LiPF6-based 
electrolyte was then injected into the separator and the hole was sealed. 
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Figure 6.1 Dissolution mechanism of single electrode; a) Hydration of PVA which results in 
swelling of the polymer membrane, PVA repeat unit is identified on the top left of the figure; 
b) half reactions take place at the electrodes; c) swelling and d) curling of electrodes with 
high area density layers of active materials after 3 minutes of exposure to water; despite 
fragmentation of the active materials, deconstruction and transiency did not occur; e) 
sequential images of transience of a cathode electrode with low area density layer of active 
materials, the swelling force is large enough to deconstruct the electrode; f) dissolution of 
soluble and redispersion of insoluble constituent materials leads to full transiency, the yellow 
arrow points at a scale bar drawn in the background. Note that scale-bar on (f) is different. 
Presented in Figure 6.2a, is a Schematic representation of cross section of a single 
cell battery. Electrodes were fabricated with characteristics of group 1 electrodes as 
presented in Table 6.1. Carbon black and silver paint were used for fabrication of current 
leads; while the silver paint has higher electrical conductivity, only carbon black was used as 
the cathode current lead to prevent oxidation of silver in cathode when under applied 
potential (charging). The single cell batteries were charged and discharged couple of times 
before the transiency testing to ensure proper functionality of the battery. Heat generated 
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during this process strengthen the bonding among the materials and slightly hindered 
transiency rate compare to that of single -unheated- electrodes. Thus, although active 
materials used in this study are most suitable for secondary cell batteries, we report the 
constructed batteries as primary cell that require an initial charging and can undergo few 
charging/discharging cycles in practice. Yet, it must be noted that cycling the cell will result 
in chemical reactions among constituent elements that hinder transiency.  To evaluate 
transiency of the single cell batteries (Figure 6.2b), DI water at room temperature was used 
as a trigger (solvent). As expected from single electrode experiments, the single cell swelled 
and the electrodes cracked moments after exposure to the solvent; yet, it took a longer time 
for substrate to dissolve and active materials to redisperse. Demonstrated in Figure 6.2c are 
sequential images of the transience of the battery. The substrate swells first witch results in 
physical deconstruction of the electrodes. Initially the current leads are less impacted as the 
thickness of those areas is greater than that of the rest of the electrode. The anode cracked 
into larger pieces while the cathode deconstructed into much smaller ones (see Figure 6.2c at 
5.5 min). Eventually the substrate dissolved completely and electrode remains were released 
to roam freely in the solvent. Dissolution of the PVA binder in the active materials resulted 
in dispersion of milli/micrometer size particles in the solvent. After approximately 30 
minutes, most of the battery was either dissolved or redispersed. Remains were left for 
another 16.5 hours to redisperse; although the remaining pieces reduced in size over time, the 
change was incremental between the 1st and 17th hours. The overall transience behavior was 
similar to that of the single electrodes, yet expanded over a longer period of time. The 
extended time was anticipated to be consequent to 1) increase of the overall thickness of the 
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battery compare to single electrode; and 2) induced bonding due to the heat generated during 
charging and discharging.(18, 19) 
 
 
Figure 6.2 Transiency of the battery cell; a) Schematic representation of the cross section of 
the battery cell; b) a transient battery cell; c) sequential images of transience of a battery 
cell, the yellow arrows point at  scale bars drawn in the background. Note that scale-bars on 
the last two images are different.  
6.3.2. Performance of the Battery 
The performance of the single cell transient batteries were evaluated at different 
discharge current densities of 10, 20 and 50 μA.cm-2; and, cut-off voltages of 2.7 V (charge) 
and 1.0 V (discharge). As demonstrated in Figure 6.3a, the battery has comparable 
performances at different discharge current densities. The discharge voltages start at 
approximately 2.6 V, slowly decrease to 1.8 V, and then drop to 1.0 V at sharp slopes. The 
battery cell had the highest discharging specific capacity (~2.27 mAh.g-1) and efficiency 
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(12.5%), and total capacity of 0.571 μAh when discharged at 20 μA.cm-2. Typically, the 
discharging capacity decreases as the discharging current increases; in our study, however, 
the battery has higher discharging specific capacity at 20 μA.cm-2 compared to 10 μA.cm-
2mainly because of the relatively high internal resistance of the battery. At 50 μA.cm-2 
discharging current density the reaction time is deemed to be the limiting factor for higher 
discharging specific current; thus, the 20 μA.cm-2 discharging current density exhibited the 
highest discharging specific capacity for this cell configuration. Shown in Figure 3b is the 
discharging potential as a function of time. 
The electrochemical reactions occurring at the electrodes/electrolyte interfaces 
determine the electrochemical performance of the battery. To evaluate the parameters 
involved in the electrochemical processes, the electrochemical impedance of the battery was 
measured over a wide frequency range (Figure 6.3c,d); an equivalent circuit was introduced 
based on Randles cell model(18) to fit the data of electrochemical impedance Nyquist plot. 
The impedance at low frequency range (between 0.1 and 1.0 Hz) is between 10 and 2.5 k 
(Figure 6.3d). The Nyquist plot presented in Figure 3c consists of a depressed semicircle at 
high frequency, which is an indication of non-uniform electrode/electrolyte interfaces, and a 
linear spike at low frequency. The equivalent circuit (Figure 3c, inset) consists of two 
resistors: Rs corresponding to the ohmic resistance at high frequency and Rct corresponds to 
the charge transfer resistance of the electrodes, a Warburg element (W) which accounts for 
the diffusion reactance at low frequencies, and a constant phase element (CPE) 
corresponding to the double layer charging (Cdl) at the porous electrode/electrolyte 
interfaces; CPE is used instead of an ideal capacitor because of the depressed shape of the 
Nyquist semicircle.(21) 
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Figure 6.3 Performance of the battery; a) and b)discharging behavior of transient battery 
cells at different current densities; c) and d) electrochemical impedance of a battery cell and 
the equivalent electric circuit (c-inset); e) a battery cell connected to a digital multimeter, 
and f) transient battery cell utilized to power a calculator (battery and solar panel are 
disconnected from the calculator’s circuit)  
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Results suggest an Rs value of approximately 242 , which includes the electrolyte 
resistance as well as the ohmic resistance of the battery cell and an Rct of approximately 327 
. The relatively large value of Rct is presumed to be an indication of poor connection 
between the electrodes and electrolyte layer. While both non-uniform interfaces and 
presumably poor connections between the battery components may be responsible for 
relatively poor electrochemical performance of the presented battery cell, they are not 
fundamental issues and could be improved by utilization of advanced manufacturing 
techniques. 
Shown in Figure 6.3e is a battery cell connected to a digital multi-meter, showing 
2.53 V potential that is double the initial potential (prior to transiency initiation) of transient 
electrodes reported in the literature.(9-12) A single battery cell is capable to supply enough 
power to power a basic calculator for a short period of time; the threshold voltage to power 
the calculator is ~1 V. Presented in Figure 3f is a battery cell powering a four-function 
calculator. The battery and solar cell of the calculator were disconnected from the device’s 
circuit and the power was only supplied by the transient battery. The battery cell was able to 
power the calculator for approximately 15 minutes before the screen started to fade. 
Fabricating electrodes with higher area density or connecting several battery cells in parallel 
can significantly improve the performance of the battery for higher power consuming 
applications; yet, higher area density electrodes take longer time to deconstruct. Also, as 
discussed earlier, more advanced fabrication techniques can be used to improve the overall 
efficiency and performance of battery cells, while transiency rate can be controlled via 
optimization of the nano/microstructure of electrodes and substrate. 
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6.4. Conclusion 
Transient Li-ion battery was fabricated and tested for the transient property and the 
electrochemical performance to investigate the battery’s potential to be an onboard power 
source for transient electronics. The results showed that electrode layer sprayed onto PVA 
film can disintegrate when the PVA film swelled in water. The disintegration of the electrode 
layer was mainly determined by the area density of the electrode layer. The transient property 
of the battery was similar to that of the single electrode. The disintegration time of the 
transient Li-ion battery was designed to be within one day, a timescale much smaller than 
that of the previous designed battery. The output potential of the transient Li-ion battery was 
designed to be between 1.0V-2.5V. Based on the literature previously discussed, single 
battery output voltage lower than 1.1V. The relatively high output potential enables the 
transient Li-ion battery to drive transient electronics that operating at high voltage. With a 
fast disintegration time and high output voltage, the transient Li-ion battery reported here is a 
promising candidate for on-board transient energy storage element that can be applied in the 
non-biological field such as environmental sensor. 
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CHAPTER 7.    TRANSIENT BIOCOMPATIBLE POLYMERIC PLATFORMS FOR 
LONG-TERM CONTROLLED RELEASE OF THERAPEUTIC PROTEINS AND 
VACCINES 
Revised from a manuscript published in the journal of Materials 9.5 (2016): 321 
Handan Acar, Saikat Banerjee , Heliang Shi, Reihaneh Jamshidi, Nastaran Hashemi, Michael 
W. Cho and Reza Montazami 
Abstract 
Polymer-based interpenetrating networks (IPNs) with controllable and programmable 
degradation and release kinetics enable unique opportunities for physisorption and controlled 
release of therapeutic proteins or vaccines while their chemical and structural integrities are 
conserved. This paper presents materials, a simple preparation method, and release kinetics 
of a series of long-term programmable, biocompatible, and biodegradable polymer-based 
IPN controlled release platforms. Release kinetics of the gp41 protein was controlled over a 
30-day period via tuning and altering the chemical structure of the IPN platforms.  
7.1. Introduction 
The development of protein therapeutics with diverse functions such as hormones, 
enzymes, growth factors and many more, requires the design of new platforms that can meet 
the diverse delivery needs. However, administration of protein-based drugs can be 
challenging because of the chemical structure and sensitivity of proteins. The function of 
proteins is susceptible to environmental conditions, like pH and temperature. Use of harsh 
conditions for platform formulation and protein encapsulation can denature the protein and 
reduce or abolish its biological activity upon release. Many protein-based drugs require 
frequent administrations to achieve high enough concentrations needed for biological activity 
in the body during long-term therapy. Platforms with long-term controlled-released 
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mechanisms can ensure slow and sustainable release while protecting the protein from harsh 
conditions in the body (1). 
The natural extracellular matrix of the tissue of living organisms can be taken as a 
model to develop delivery platforms. An extracellular matrix is an interpenetrating network 
(IPN) of cross-linked proteins interlaced with high molecular weight biomacromolecules (2). 
IPN is a combination of two polymers in network form, at least one of which is synthesized 
and/or cross-linked in the immediate presence of the other (3, 4). Hydrogel IPNs, used as 
controlled-release systems, are capable of delivering drugs at a constant rate over an 
extended period of time (5), when the rate can be controlled by cross-linking density. 
Further, the biodegradable platforms can eliminate the need for subsequent removal of the 
platform. These platforms can be used for local delivery of the therapeutic proteins to the 
mucosal tissue. 
Due to the ability to be processed at a low temperature, high water-solubility, non-
toxicity, and biodegradable nature, gelatin has become a widely used collagen-based proteic 
polymer (6-8). Gelatin-based polymer composites are widely used in many application areas, 
including electronic devices (9), drug delivery platforms (10), and food packaging (11). 
Furthermore, gelatin-based polymers are also used in protein (12) and growth factor delivery 
(13) platforms. The highly complex structure of the protein with several charged sites should 
be taken into consideration during the design of a carrier network (14). As a drug delivery 
platform, gelatin offers a facile chemical structure with many charged functional side groups. 
The flexibility in electronic properties of the gelatin-based platforms makes them suitable for 
a wide range of applications in areas from tissue engineering, to drug delivery systems, and 
degradable platforms for bioelectronics (15-21). The multiple points of interaction between 
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the load and gelatin network prevents the dissociation of the load molecule (e.g., protein) 
readily. As a result, the degradation profile of the carrier polymer network will be the 
determining factor during drug/protein release. 
One specific application of platforms that can provide controlled release is in the field 
of vaccine delivery. An ideal vaccine should be able to mount a strong immune response and 
generate long lasting memory, which is often achieved by multiple rounds of vaccination. 
However, a delivery platform that can provide a slow and constant release might streamline 
the traditional vaccination method by removing the need for booster doses. In order to further 
test the ability of our platform to provide controlled release, a HIV-1 gp41-based protein 
named gp41-HR1-HR2-54K (Figure S1) has been used as a load in this study.  
The gp41-HR1-HR2-54K protein has an overall positive charge; thus, to maintain the 
charge, and also to incorporate the protein in the gelatin carrier network through the 
electrostatic interactions, negative-charged gelatin (type A, alkali-treated) was used. To 
investigate biodegradability dependence on the chemical structure, we used three 
biocompatible polymers with gelatin to form three different types of IPN films (IPNFs). 
Polyethylene glycol (PEG), for its desirable thermal and physical properties; PVA for its 
desired properties such as hydrophilicity, biodegradability, biocompatibility, and non-
toxicity; and hydroxyethylene cellulose (HEC), for its high viscosity and inertness toward the 
pH of media, were integrated with gelatin and investigated in this study. Control over the 
release of load protein is achieved via the means of controlling the drug trapping property of 
gelatin in the IPNFs (Figure 7.1). For this purpose, two different cross-linkers have been 
used. Glucose, as a biocompatible inner cross-linker, provided the ECM-like inter-chain 
interactions. These interactions served as an effective scaffold for the encapsulation of the 
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protein without damaging the secondary structure. Glucose was also selected for its cross-
linking and stabilizing effects on gelatin, non-toxicity, and biodegradability (10, 22). It has 
been observed that glucose has a better cross-linking effect compared to sucrose (13). 
Glucose, as a cross-linking agent, provides the inner network bindings while maintaining the 
protein structure. GA, as an outer shell forming cross-linking agent, served as the main 
content to control the degradation of the platform in long-term and maintained sustained 
delivery. GA-based cross-linking is non-specific, which has a potential to damage the loaded 
biomaterial (23). This sort of damage would inactivate the therapeutic property of the load. 
The method offered here actually hides the loaded biomaterial from direct interaction of the 
cross-linker and maintains its activity. Additionally, the toxicity of GA is related with the 
amount of the released GA. It is shown that the GA released from gelatin films is negligible 
when cross-linked with less than 2 vol% GA (24). 
 
Figure 7.1 A structural model of the IPNFs pellet. The inner core consists of polymer-
gelatin network and the load protein. This inner core is then encapsulated in an outer shell 
comprising of IPNF only. 
The significance of the method offered here is the simplicity. It would be possible to 
design a protein encapsulation media for different biomaterials by using this method and 
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adjusting the mixture composition. The method, which is based on the dipping of the 
platform in the cross-linking agent solution, provides cross-linked outer shell to the pellet 
platform for long-term transiency without damaging therapeutic proteins or vaccines, which 
can be easily applied for the bulk production for such long-term drug delivery platforms.  
7.2. Experimental 
7.2.1. Materials 
Gelatin (Type A) (Prionex, highly-purified), polyethylene glycol (Mw: 20,000 
g·mol−1), polyvinyl alcohol (Mw: 61,000 g·mol−1, 98.0–98.8 mol % hydrolyzed), 2-
hydroxyethylene cellulose (Mw: 90,000 g·mol−1), glycerol, sucrose, and glutaraldehyde were 
purchased from Sigma Aldrich (St. Louis, Missouri, USA). NHS-Rhodamine was purchased 
from Thermo Scientific, Pierce Biotechnology Inc (Rockford, Illinois, USA). LDH 
cytotoxicity assay (Pierce) and HeLa cell lines were used for cytotoxicity assay. The cell 
media was DMEM with 10% FBS and 1% Penicillin-Streptomycin. Please add (city, state, 
country) information for suppliers and manufacturers. Please review and revise throughout 
the manuscript. 
7.2.2. IPNF Preparation 
The films were prepared via solvent casting method. In brief, 5 wt% solution of 
gelatin in water was prepared with 1.5 wt% glucose and 1.5 wt% glycerol. Glycerol was used 
as a plasticizer agent. Due to its low molecular weight and hydrophilic nature, glycerol fits 
well into proteic network and reduces protein-protein interactions by establishing hydrogen 
bonding with amino acid residues (25-27). To elongate the shelf-life, a combination of 
plasticizers like glycerol:sorbitol (28) and glycerol:sucrose (29) were studied. To prepare 
IPNFs, additional to the mixture described above, 0.5 wt% one of PVA (30, 31), PEG (32) or 
HEC (33) was added as shown in Table 7.1. The resulting solution was than casted on 
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circular templates (8 mm diameter) and left at ambient conditions to dry for 24 h. The dried 
films were then peeled off (8 mm diameter × 100 µm thickness) and dipped in GA aqueous 
solutions of different volume ratios (0.1, 0.25, 0.5, and 1 vol%) for 6 h at 4 °C to cross-link. 
Finally, the cross-linked films were washed with distilled water to remove the excess GA and 
dried at ambient conditions for 24 h. 
Table 7.1 Chemical structure of IPNFs. 
Sample Constituents 
GEL 5 wt% gelatin 
GEL-PVA 
5 wt% gelatin + 0.5 wt% 
PVA 
GEL-PEG 
5 wt% gelatin + 0.5 wt% 
PEG 
GEL-HEC 
5 wt% gelatin + 0.5 wt% 
HEC 
 
7.2.3 Gravimetrical Analysis of Degradation.  
The degradation rates of polymer films were determined through the measurement of 
the change in the films’ weight (weight loss) as a function of time. Prior to gravimetrical 
analysis, the initial film weight of each sample was determined on an analytical balance 
(Mettler Toledo XS105 Dual Range, Columbus, Ohio, USA) and then put in 3 mL PBS (1×) 
buffer at pH 7.4 at 37 °C to determine the degradation in physiological fluid. At specified 
time intervals (one day; two, three, and four weeks) the samples were removed from the PBS 
buffer, gently blotted to remove adherent buffer and subsequently weighed to determine the 
wet weight of the films. The water content of the samples was calculated from the difference 
between the swelled wet weight of IPNFs and initial weight of dry IPNFs. Relative weight 
loss was calculated as the difference between the final and initial wet weights with the 
presumption that the water ratio remained the same throughout the degradation process. 
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7.2.4. Preparation of Protein Loaded Pellets 
The gp41-HR1-HR2-54K protein was tagged with NHS-Rhodamine as described in 
the manufacturer’s protocol. The tagged protein was mixed with 5 wt% gelatin solution 
(prepared as described before with glycerol and glucose) at a weight ratio of 1:100 (weight 
ratios of 1:50 and 1:200 were also tested for optimization of protein loading). Then, this 
mixture was dropped on dried IPNF (12 mm diameter × 100 µm thickness) and left to 
partially dry at room temperature for 24 h. Then, an identical film (12 mm diameter × 100 
µm thickness) was used to cover the partially-dried protein droplet and left to fully dry for 24 
h. The IPNF coating was then cross-linked by exposure to GA solutions at different 
concentrations (0.1, 0.25, 0.5, and 1 v/v % GA). Cross-linking was performed at 4 °C using 
pre-chilled GA solution for 6 h. After cross-linking, the films were washed with abundant 
distilled water to remove the GA residue and dried at ambient conditions for 24 h. 
7.2.5. In Vitro Release of Protein 
Protein loaded pellets of different IPNF samples (12 mm diameter × 200 µm initial 
thickness) were maintained in PBS (1×) at 37 °C. The supernatant was collected at specified 
time intervals (one day; one, two, three, and four weeks) and replaced with PBS solution to 
keep the volume constant. At each reading the amount of protein released in the supernatant 
was measured using spectrofluorometry (SpectraMax M2e Microplate Reader, Molecular 
Devices, Sunnyvale, California, USA) and added to the previously-measured protein amount 
to get the cumulative release curve. 
7.3. Results and Discussion 
The release of proteins from the IPNFs depends on their dissolution rates. It is 
expected that IPNFs with higher GA cross-link density would dissolve slower and, hence, be 
more suitable for long-term release of proteins as opposed to IPNFs with lower GA cross-
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link density. However, a harsh cross-linker like GA forms strong covalent bonds between the 
host matrix and load (drug or protein). Such chemical bonds decrease the effectiveness of the 
load by changing their chemical nature (34-36)]. To overcome this problem, we designed a 
unique method for fabrication of core-shell IPNFs, as presented in Figure 1. In this method, 
we mixed the protein with gelatin-based IPNF and encapsulated this mixture in between two 
protein-free, polymer-enhanced IPNF to form an IPNF pellet. We then dipped this pellet into 
the GA solutions at a low temperature to form an outer cross-linked shell (shown in red in 
Figure 1). By this method, we prevented the direct contact of GA with proteins, which could 
result in denaturation and loss of therapeutic activity or immunogenicity. At the same time, 
we benefit from the extra cellular matrix-like structure of the gelatin-based film to load and 
retain the proteins for an extended time without losing the effect. 
7.3.1. Degradation Profiles of Polymer Composites 
To investigate and establish a correlation between the extent of cross-linking based on 
the concentration of GA and degradation time, the first set of experiments was performed on 
unloaded IPNFs. The degradation of the IPNFs was investigated with one-layer films 
(Figure 7.2). It has been previously shown that in the hydrogel systems, the process of 
swelling and dissolution (or degradation) rates compete against each other [(37)]. The 
hydrogels showed a maximum weight increase due to swelling with the solvent in the first 24 
h. Hence, the first day weight was taken as the 100% swelled film weight. It was used as the 
initial wet weight for the further calculations. The weight ratio between the water content and 
IPNF was calculated from the difference between the initial wet film and the dry film before 
solvent immersion; this weight was considered to be constant throughout the degradation 
process. To distinguish between membrane loss and water loss, at each measurement, the 
swelled film was weighted and the change was multiplied by the water content ratio. 
119 
 
Figure 7.2 Degradation of polymers in PBS solution (pH 7.4) at 37 °C, which were cross-
linked with different GA volume concentrations: (A) 0.1 vol%; (B) 0.25 vol%; (C) 0.5 vol%; 
and (D) 1 vol%. 
As shown in Figure 7.2, samples cross-linked in higher GA concentration dissolved 
slower compared to ones cross-linked in lower GA concentration. The observation of 
degradation of the IPNFs was consistent with our hypothesis. IPNFs cross-linked with 0.1 
vol% GA dissolved completely in 3 weeks (Figure 7.2A). The cross-linking with 0.25 vol% 
GA increased the degradation time of the IPNFs to 5–6 weeks, while the ones cross-linked 
with 0.5 vol% GA remained even after 8 weeks. Uncross-linked IPNFs, even with the 
presence of glucose in the network, dissolved in 10 min in PBS solution (pH 7.4) at 37 °C 
(data not shown). 
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The degradation of the IPNFs started after the swelling process reached a saturated 
state, as can be observed from the constant weight values (Figure 7.2) [(38)]. The solubility 
of cross-linked IPNFs is less likely to start with diffusion of water into the film network. The 
water intake by the IPNFs reached a maximum at the end of the first 24 h (hence, this weight 
is taken as the initial wet weight). At this maximum volume, water remained in the hydrogel 
for a period of time, depending on the cross-linking ratio. The water pressure in the swelled 
network would disturb the polymer chains and cause dislocations on the very outer surface of 
the network. The initiation of dislocations triggers the overall degradation immediately. 
During this process, the presence of water-soluble biopolymers may affect the swelling, 
degradation, and further interaction with the loaded protein. The biopolymers may show 
different interactions with different types of proteins and drugs loadings. These interactions 
are likely to be a result of different electronic charge, chemical structure, and polarity of 
different proteins and drugs. These parameters will be the advantages for drug design and 
bioenvironment-specific platforms. 
The swelling rate of the IPNFs was also studied (data not shown). Under identical 
conditions, PVA- and HEC-based IPNFs swelled significantly more than PEG IPNFs and 
gelatin films. The difference of the chemical structure and the hydrophobicity of the 
polymers might be the reason of this observation. However, this difference in swelling did 
not translate to differences in complete degradation times, especially in case of 0.1 vol% and 
0.5 vol% GA cross-linked IPNFs. Interestingly, PVA and HEC IPNFs cross-linked using 
0.25 vol% GA degraded over a period of time almost one week shorter than their PEG and 
gelatin counterparts. This could be due to the differences in the chemical structures and 
functional groups of the polymers. Although, the more hydrophilic compounds are expected 
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to be more water-soluble, stronger interactions of the functional groups of gelatin may cause 
less degradation. 
The swelling ratio of the polymer is simply defined as the maximum amount of water 
remaining in the polymer network before the entanglement of the polymer molecules start. 
Entanglement is the displacement of a polymer chain in a network and occurs as a result of 
loss of non-covalent interactions in between the polymer chains and enlargement of the free 
space to move around the molecule. The absorption of water molecules between the polymer 
chains starts the swelling of the polymer by breaking the intermolecular H-bonds. The 
enlargement of the space between the polymer chains decreases the electrostatic interactions 
and gives higher mobility to polymer chains. The more hydrophilic polymer chains would be 
surrounded by more water molecules, and would degrade faster. On the other hand, the less 
hydrophilic polymer chains would have more hydrophobic interactions, which would even 
get stronger with the presence of water, and degrade slower. 
7.3.2. Protein Release Kinetics 
As described above, the variety of GA concentration results in different cross-linking 
densities and, thus, different degradation times. To identify the protein release kinetics of 
differently cross-linked IPNFs, we used four different GA concentrations (0.1 vol%, 0.25 
vol%, 0.5 vol% and 1 vol%), exactly as used for single layer IPNF cross-linking (Figure 
7.3). Regardless of the type of polymer composites used in IPNFs, the overall pattern of 
protein release kinetics was similar (i.e., rapid release within one or two days followed by 
more gradual, slow release over time). The release rates decreased significantly when the 
higher concentration of GA was used for cross-linking (0.1 vol% vs. 1 vol%). However, no 
significant difference was observed between release rates of IPNFs cross-linked with 0.25 
vol% and 0.5 vol% GA suggesting that there may not be significant difference in the cross-
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linking densities between these IPNFs. 0.25 vol% GA concentration was found to be 
sufficient for the formation of a cross-linked outer-shell on IPNFs. The outer-shell, to some 
extent, allows the internalization of water molecules, swelling, which opens up the 
intermolecular free space and this space continues to increase throughout the degradation 
process. Although the protein molecules are significantly larger than water molecules, and 
are also held by the electrostatic interactions of the gelatin network, they eventually diffuse 
out through the opened up space, which reaches the sufficient size for protein release, and 
exhibit a gradual release behavior. On the other hand, at higher concentration (1 vol%) GA 
might penetrates further into the network and result in deeper cross-linking. The deeper 
cross-linking requires more time to internalize water molecules and reach the sufficient size 
for protein release; as a result, the release behavior exhibits a different behavior and occurs 
over a longer period of time. 
The release behavior of IPNFs here showed a biphasic release profile [(39)]. The 
initial and burst release of the drug is the result of diffusion of protein from the surface 
through the swelled and distracted outer shell of the IPNF. This diffusion continues by the 
depletion of free protein located in the periphery of the inner pellet. Then the release slows 
down and a plateau forms. The protein encapsulated in the gelatin network releases by the 
degradation of the matrix and the second phase of release appears. Obviously, diffusion of 
the protein, swelling, and degradation of the IPNF are all playing a role and make the release 
behavior of the film complex. 
The release data clearly shows that protein release from these IPNFs can be 
manipulated by changing the extent of cross-linking via GA treatment. This property can be 
especially useful for drug delivery and other applications, in which the release period is 
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essential. However, it must be noted that the exact release rates are expected to be influenced 
by the size and charge of the load molecules; thus, load-specific optimization is likely 
required for each case. 
 
Figure 7.3 Release of protein from different IPNFs (A) gelatin film pellet; (B)PEG-
enhanced IPNF; (C) HEC-enhanced IPNF; and (D) PVA-enhanced IPNF in PBS solution 
(pH 7.4) at 37 °C after cross-linking with different GA volume concentrations (red: 0.1 vol% 
GA, blue: 0.25 vol% GA, green: 0.5 vol% GA, purple: 1 vol% GA). If possible please unify 
the unit in the figure and figure caption (see vol %). 
7.4. Conclusions 
Here, a very simple method of preparing biodegradable gelatin-based platforms for 
long-term release of proteins has been described. Basically, the method is dipping the 
protein-encapsulated pellets in the cross-linking agent solution. The adjustment of the 
polymer content and inner cross-linkers of the platform provide the convenient medium for 
large variation of proteins, growth factors, and other therapeutic materials, which are 
susceptible to the environmental conditions. The long-term, slow release of the protein was 
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achieved by the adjustment to the concentration of the cross-linking agent in the solvent and 
also the duration of the dipping. The method is simple enough to apply to bulk production. 
The designed IPNF platform, the pellet, is designed to mimic the natural extracellular 
network. 
Our method for generation of GA cross-linked IPNFs is successful in its ability to 
deliver controlled release while preventing chemical denaturation of the loaded protein. We 
have further shown that this method can be extended to a variety of polymers that can be 
used for generation of IPNFs designed for different applications. However, one caveat of this 
current study is the size of the IPNFs is somewhat large. While these IPNFs can be used as a 
patch for topical delivery of proteins, it is not suited for delivery of proteins through 
intravenous, subcutaneous, intramuscular, or other invasive routes. With regards to this, 
several groups have described the generation and testing of polymer-based nanoparticles 
[(36, 40)]. We believe that the concepts demonstrated in this paper when extended to such 
polymeric nanoparticles might be able to significantly prolong delivery without 
compromising the property of the delivered protein. 
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CHAPTER 8.    GREEN PRINTED CIRCUIT BOARDS: A NOVEL DESIGN TO 
MINIMIZE ELECTRONIC WASTE 
Abstract 
Owing to the burgeoning waste electrical and electronic equipment is the effort to 
recycle the printed circuit board (PCB), which if improperly disposed of results in health 
hazards and environmental pollution. This paper describes a new PCB substrate that would 
vanish in water leaving the metals on it for re-use. A preliminary substrate made from water, 
gelatin, and poly vinyl alcohol was coated with polyurethane for the purpose of preservation 
under humid conditions and a voltage divider circuit was attached. Dynamic mechanical 
analysis and thermomechanical analysis were performed to characterize the PCB for its 
physical characteristics, while Fourier transformed infrared spectroscopy was used for 
chemical characterization. It was demonstrated that the metal components including solder, 
copper, and electronic components can be fully recovered without generation of any toxic 
byproducts or negative impact on the environment.  
8.1. Introduction 
At present, standard and personal electronic devices are ubiquitous and are growing 
on an incline along with its associated waste electrical and electronic equipment (WEEE)(1). 
This waste includes anything that has become obsolete, stopped working or presented defects 
during its production, which comprise of devices such as cellphones, computers, and 
printers(2). More frequently than the alternative, an electronic product will be replaced rather 
than repaired because it is more economically efficient, reinforcing the rising quantity of 
electronic waste (e-waste). The United Nations Environmental Program (UNEP) estimated 
that 50 million tons of e-waste was produced in 2005 with an estimated annual increase of 
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4%(3). This also followed with the prediction that from 2010 to 2020 there will be a 200 to 
400% growth of WEEE generation(4). 
Underlying the functionality of electronic devices is the printed circuit board (PCB). 
These boards are the platform for microelectronic components where semiconductor chips, 
capacitors, and resistors are attached(5). All are made from various metallic and non-metallic 
parts, and as of 2014 they contributed to 6% of the total WEEE weight(6). Polymers, 
ceramics, and metals all make-up the PCB; individually connected and soldered are precious 
metals like gold (Au), silver (Ag), and palladium (Pd) so that on an environmental and 
economic front, the reuse and opportunity to recycle these metals is key to materials recovery 
and electronic sustainability(2). One metric ton of a circuit board can contain between 80 and 
1500 grams of gold and between 160 and 210 kg of copper. This is 40 to 800 times the 
amount of gold in gold ore (naturally occurring mineral from which valuable material can be 
extracted) and 30 to 40 times the concentration of copper in copper ore mined in the United 
States(7). 
In the U.S., electronic waste is commonly landfilled, incinerated or exported to 
developing countries where environmental and worker safety standards are less stringent. 
Although illegal under the Basel Convention of 1992, legal loopholes and countries that have 
not adopted this convention generally export their e-waste to geographical regions in India, 
West Africa, Vietnam, and China(4). These exports detrimentally effect the environment and 
health of the workers and local people. Highlighted in a study from Southeast China, the 
Province, Guiya showed that the improper disposal of PCBs have contributed to a high 
concentration of heavy metals in dust and the local environment, especially lead and 
copper(8). Elevated levels of dioxins were found in human milk, placentas, and air, which 
131 
indicated that the dioxins were present in air, water, or foodstuffs at sufficient levels to pose a 
serious health risk(9). There have been studies focusing on exploding PCB(10) as well as 
corroding or dissolving them with strong acids and/or solvent.(11-13) Both methods have 
low yields, high environmental impact, and render some of the extracted materials (e.g. 
copper) not easily reusable. 
A share of the research going into PCBs is an attempt to replace their current cradle-
to-grave model with a cradle-to-cradle product. A cradle-to-cradle product incorporates 
materials that can be recycled or reused without any loss of quality and technical or 
biological nutrients(10). Xiu et al. found that materials like phosphate fire retardant additives 
and metals like copper (Cu), iron (Fe), tin (Sn), lead (Pb), and zinc (Zn) with smaller 
concentrations of Ag and Au from PCBs could be recovered with supercritical methanol. In 
addition, it was thought that because the supercritical methanol process was conducted above 
400°C, brominated compounds from flame-retardants naturally broke down.  In turn, the 
decomposed brominated compounds appeared to exist in the gas phase, where the bromine-
containing gas could be recovered for additional use(11). Another study in Wang et al. had a 
90% extraction efficiency of flame retardant triphenyl phosphate (TPPO4) with supercritical 
carbon dioxide (CO2)(12).  
On a different note, transient materials have been used to describe programmable 
degradable materials, which have multiple purposes such as in biomedical applications, 
military or in this case, electronics(13, 14). It is speculated that the recovery of metals and 
materials from a PCB could be accomplished with a transient PCB. Demonstrated by Acar et 
al., a polyvinyl acetate (PVA) matrix reinforced with gelatin and sucrose determined that 
manipulating the addition of reinforcements could control the solubility of the polymer 
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composite and thus serve as a platform for transient electronics (14). Recently, a transient 
lithium battery based on polymeric constituents achieved and maintained a potential less than 
2.5 Volts which dissolved in water at roughly 30 minutes(15).  
In this study the solubility and recovery of copper on the PCB substrate made from 
soluble and non-soluble polymer material was investigated. The objective of the study was to 
find and evaluate a functional substrate that would dissolve in low pH water with recovery of 
electrical components of a conventional copper circuit.  
8.2. Experimental 
8.2.1. Materials 
Polyvinyl alcohol (PVA) (Mw: 61,000 g mol-1, 90.0-98.8% hydrolyzed), gelatin from 
porcine skin (gel strength 300, Type A), oil-base polyurethane gloss from Varathane, copper 
foil  
8.2.2. Substrate 
To prepare various PVA and gelatin (GPVA) solutions, 14 gr of PVA was added to 
70 mL of DI water (R≥18.0 MΩ). The PVA was stirred on a hot plate with a setting of 365 
RPM and 145 °C; after 2 to 3 minutes, the addition of 6 g of gelatin was added. The mixture 
was stirred in total for 3 hours and distributed evenly to a rectangular box with approximate 
dimensions 112 mm × 94 mm. This was left to dry at ambient conditions for approximately 
10 to 14 days and carefully peeled away, followed with the hydraulic press under 50 °C and 
75 KN until flattened. Three coatings of polyurethane were applied after the substrate had 
dried from the hydraulic press.  
8.2.3. Copper Circuit 
Copper foil was placed on a matte backing and Elmer glued evenly onto the paper. 
The circuit design was created via Microsoft word and converted to a PNG image. With the 
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ProCutter3 software, the design speed and pressure were set to 100 mm and 12 g, 
respectfully. The blade for the polyvinyl cutter was set to the thickness of a credit card. The 
finished circuit was then glued onto the substrate and pressed at 50 °C and 75 KN with the 
hydraulic press. 
8.2.4. Characterization 
8.2.4.1. Dynamic mechanical analysis  
The sample (10 mm × 10.73 mm × 1.78 mm) was also characterized for its 
mechanical properties using dynamic mechanical analysis (DMA) on stress-strain mode, for 
a force range of 0 – 10 N at a rate of 0.1 N.min-1. The Young’s modulus was determined 
from the displacement and force applied on the sample. 
8.2.4.2. Differential scanning calorimetry 
The temperature of the polyurethane coated GPVA substrate was increased from 
room temperature (25 °C) to 250 °C at a heating rate of 1 °C.min-1 with the instrument 
Mettler Toledo Polymer DSC. The sample weighed 32.6 mg and was placed on a standard 
aluminum 40 μl crucible pan.  
8.2.4.3. Fourier transform infrared spectroscopy 
FTIR spectra were obtained using a Frontier Perkin-Elmer FTIR spectrometer. A 
background scan was performed and separately PVA and gelatin were run, followed with the 
gelatin and PVA (GPVA) substrate, averaging 4 scans between 4000 and 700 cm-1.  
8.2.5. Dissolution and Transiency 
Transiency of the polymer films were exposed to filtered water. The substrate at 
approximately 45 mm × 45 × 1.75 mm was placed in boiling water at 100 to 123 °C with the 
attached circuit; time was recorded, and remaining components and material were collected 
after transiency. 
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8.3. Results and Discussion 
8.3.1. Characterization 
8.3.1.1. Dynamic mechanical analysis  
Presented in CHAPTER 8.   is the stress-strain curve of polyurethane coated GPVA. 
An elastic modulus of 3.7 GPa from the linear trend line was gathered which is comparable 
to the value for FR-4 epoxy resin (ELW 24 GPa where LW subscript indicates lengthwise). 
As seen in Acar et al., the addition of gelatin in PVA increases the Young’s modulus 
substantially but the modulus decreases after a certain ratio of gelatin is added (14, 16). 
Therefore, adjusting the PVA gelatin ratio may result in higher Young’s modulus for the 
composite.  
 
 
Figure 8.1 The stress-strain curve for GPVA  
8.3.1.2. Differential scanning calorimetry 
The Tg (glass transition temperature) for flame retardant 4 (FR4) is 130 to 145 °C. 
The glass transition temperature describes a reversible transition that occurs when an 
y = 3706.5x - 0.114
R² = 0.997
0
0.5
1
1.5
2
2.5
3
3.5
4
0 0.0002 0.0004 0.0006 0.0008 0.001 0.0012
S
tr
es
s 
(M
P
a)
Strain
135 
amorphous material is heated and cooled in a certain temperature range. Above the Tg it is 
expected that the material will plastically deform without breaking. The endothermic sample 
release compared to the reference occurs around 83 °C (Figure 8.2) and is comparable to the 
Tg of PVA which is 85 °C. The temperature steadily decreases until 193 to 215 °C where 
another endothermic release occurs or the suspected melting point; the melting point of 
polyvinyl alcohol is 180 to 190 °C. Gathered from Acar et al. the Tg of gelatin is difficult to 
be determined since the melting point of PVA appears to overlap with the gelatin[16]. In 
another journal it was found that gelatin had a Tg of 60 °C and that their blend of GPVA Tg 
decreased as the weight percent (wt%) of gelatin increased(16). Overall, it appeared that the 
main results from the DSC aligned with PVA’s Tg and melting temperature (Tm).  
 
Figure 8.2 GPVA substrate on the differential scanning calorimeter (DSC) with a rising 
temperature of 1 C min-1 from 25 to 250 °C 
8.3.1.3. Fourier transform infrared spectroscopy  
Testing PVA and gelatin separately, the chemical structure was determined and then 
compared to the 70% PVA and 30% gelatin (GPVA) mixture without polyurethane. The results 
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on the three samples showed intermolecular interaction when the polymers were 
compatible(16). Figure 8.3 shows the spectra produced at room temperature. At 2921cm-1 
there was a CH3 symmetric stretching of proteins and lipids. The band between 3200–3300 
cm−1 was due to the –OH groups which originated from the intermolecular and/or 
intramolecular bonding(18). A small shoulder started at approximately 3420 cm−1, which is  
credited to the stretching vibration of –OH groups of PVA bonded to –NH2 groups of 
gelatin(19). At 3288 cm-1 in gelatin is a characteristic of collagen fold in N-H(20). 
The bands around 1642, 1549 and 1238 cm−1 are characteristics of gelatin which are 
assigned to Amide I (C=O and C–N stretching vibration), Amide II (N–H bending strongly 
coupled with C-N stretching) and Amide III (C–N vibration), respectively(21, 22). A 
secondary amide group is also present at 1627 cm-1 (16). As it was found in Acar et al., 
esterification reactions were indicated when more gelatin was added which therefore show 
good molecular compatibility between PVA and gelatin(14, 19, 21, 22) [27 , 24, 28, 29, 16]. 
At 1402 cm-1, CH3 symmetric bending vibration occurred. The bands at 1087 and 1238 
cm−1 correspond to C–O stretching of secondary alcoholic groups and ester[19,16]. Overall, it 
was seen in Pawde et al. that the most revealing traits of gelatin were in region 3000-3600 and 
1100-1700, and that in their GPVA substrate, all free carboxylic groups of gelatin had been 
esterified, and can be assumed to have occurred in this substrate too[19].be assumed to have 
occurred 
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Figure 8.3 Gelatin, PVA, and GPVA infrared absorption spectrum with FTIR to determine 
chemical bonds and chemical bonds interacting between PVA and gelatin. 
8.3.2. Transiency and Electronic Recovery 
The circuit divider design and functional voltage divider on polyurethane coated 
substrate are demonstrated in Figure 8.4. A 4 Volts potential was applied to light up the two 
LEDs. 
 
Figure 8.4 (a) Circuit divider design (b) Functional voltage divider on the substrate upon 4 
Volts potential. 
In about 4 hrs, complete transiency excluding the polyurethane coating was reached 
with 100% electronic component recovery. Figure 8.5 demonstrates transiency of the 
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substrate and recovery of the electronic components including 2 LEDs, 4 resistors and the 
copper foil. The substrate was placed in boiling water at 100 °C, and had softened 
significantly after 2 hrs. The end time resulted in recovered electronic pieces and a remaining 
of the polyurethane coating. 
 
Figure 8.5 Transiency stages at the initial stage and after 2 and 4 hrs of exposure to boiling 
water respectively 
8.4. Conclusion 
A proof of concept transient PCB, based on PVA and gelatin with polyurethane 
coating was demonstrated and proved that all electronic components, copper, and solder 
could be recovered after complete transiency of the substrate in water. This encourages the 
efforts to produce transient PCBs in large scale manufacturing, impeding the contribution to 
health problems caused by improper WEEE disposal. The polyurethane coating was 
necessary to protect the soluble and insoluble material from humidity. The effects of 
humidity under varying conditions need to be tested further and compared to the substrate 
without the polyurethane coating. It is also suggested to conduct a study with added colored 
dye to the GPVA substrate in order to properly distinguish the end time associated with 
complete PVA and gelatin dissociation from the polyurethane dissolution. Overall, a 
prototype transient PCB demonstrated successful recovery of valuable components and with 
further mechanical property investigation, and flame-retardant testing, this could make for a 
wide-scale replacement of current glass epoxy resins used for PCBs.  
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CHAPTER 9.    CONCLUSIONS AND FUTURE WORK 
This dissertation is focused on design, implementation and characterization of 
transient soft electronics. Controlling the transiency behavior of the devices as well as 
investigating mechanics of dissimilar materials in soft transient electronics were two of the 
main goals. We also conducted application-based studies and demonstrated successful 
implications of transient materials as constructing elements of a transient Li-ion battery, 
platforms for controlled release and even a PCB substrate. The concluding remarks of each 
study is summarized below. And lastly, some ideas and suggestions for future studies are 
presented. 
9.1. Conclusions 
In chapter 2 we demonstrate the control of transiency through the dissolution 
behavior of the substrate, for electronic devices composed of colloidal metal particles on 
PVA-based substrates. The results suggested that if colloidal metal particles are used for 
conductive paths, the transiency of polymer-based substrates, which are easier to control, can 
be used to program transiency of the whole system; and, that unlike conventional transient 
electronics, transiency rate of substrate can be a controlling and dominating factor. An 
appealing aspect of this approach is that it allows realization of controlled transiency by 
eliminating limiting factors posed by dissolution rate of metals. This study can provide a 
scientific foundation toward fabrication of conductive components of transient electronics, 
utilizing colloidal metal particles to achieve fast and coordinated deconstruction and 
transiency of polymeric substrate and electronic components in transient electronic devices. 
In chapter 3 we observed correlations between electrical functionality and applied 
mechanical strain, for the prototype circuits mentioned earlier. It was also demonstrated that 
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the composition of the polymeric substrate could be used as a means to quantify the loss of 
functionality of the electronic devices upon exposure to aqueous solvent. 
In chapter 4 we presented a materials system that exhibit secondary reactions when 
undergoing transiency, aiming to expedite redispersion of colloidal metal particles in 
exposure to solvent. It was observed that the polymer composite containing 50% additives 
(sodium bicarbonate and citric acid) to polymer matrix (GPVA and PEO) concentration, 
demonstrated the fastest transiency (100% in 300 s). 
In chapter 5, we studied correlations between mechanical strain, electrical properties, 
and failure of soft electronics in detail when electronic components are fabricated on pre-
strained substrates, with attention to mechanical cycling and extent of pre-straining. It was 
concluded that three-dimensional conductive paths allow typically brittle, colloidal silver 
paint to be stretched with the substrate it is adhered to, without declining the electrical 
properties of the path. 
In chapter 6 we presented a transient Li-ion battery based on polymeric constituents. 
The results showed that electrode layer sprayed onto PVA film can disintegrate when the 
PVA film swelled in water. The transiency property of the battery was similar to that of the 
single electrode. The disintegration time of the transient Li-ion battery was designed to be 
within one day, a timescale much smaller than that of the previous designed battery. The 
output potential of the transient Li-ion battery was designed to be between 1.0 V-2.5 V. 
Based on the literature previously discussed, single battery output voltage lower than 1.1 V. 
With a fast disintegration time and high output voltage, the transient Li-ion battery reported 
in this chapter is a promising candidate for transient energy storage elements that can be 
applied in the non-biological fields such as environmental sensors. 
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In chapter 7 we demonstrated GA cross-linked polymer-based interpenetrating 
network films (IPNFs) with programmable degradation which enable controlled release of 
therapeutic proteins or vaccines. The long-term, slow release of the protein was achieved by 
the adjustment to the concentration of the cross-linking agent in its solvent and also the 
duration of dipping the polymer inside the crosslinking agent. This method was simple 
enough to be applied to bulk production. 
In chapter 8, we presented a proof of concept transient PCB, based on PVA and 
gelatin with polyurethane coating, and proved that all electronic components (resistors and 
LED), copper, and solder could be recovered after complete transiency of the substrate in 
water. This encourages the efforts to produce transient PCBs in large scale manufacturing, 
impeding the contribution to health problems caused by improper WEEE disposal. 
9.2. Future Work 
Considering the significant variation in electrical properties as a function of strain 
caused by the mechanical mismatch between the substrate and the electronic component 
(presented in chapter 3 and 5), development of conductive material with elastic moduli closer 
to that of the polymer is necessary.  For this purpose, conjugated polymer inks like poly 
(3,4ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), can be promising 
substitutes for metal inks, however deposition of PEDOT:PSS ink on PVA substrate was not 
compatible with the spray coating method that we used for fabrication of our prototype 
circuits. Therefore, we would recommend electrohydrodynamic jet printing method which 
allows high precision and accurate printing of the conjugated polymer ink, to exactly where it 
is needed on the substrate.  An interesting investigation to be considered here, is to compare 
electrical functionality as a function of strain, between the substrate-metal ink system and the 
substrate-conjugated polymer ink system; and to correlate the results with interfacial bonding 
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strength in these two systems. For the next step, we would recommend to use surface 
modification methods like plasma cleaning and evaluate the resulting interfacial bonding 
strength in the aforementioned systems.  
Another recommendation for future work would be to conduct further systematic 
study on mechanical properties of transient PCBs and to investigate flame retardant 
properties; in an effort to make a large-scale replacement for the current glass epoxy resins 
used for PCBs. Comparing the recovery efficiency of electronic components from the 
transient PCB and the conventional PCB, as well as evaluating the environmental impact and 
economic impact of switching to transient PCB would be part of the future investigations in 
this field. 
 
